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Fires account for approximately 3100 deaths and $10 billion in property damage annually
in the US. Growing consumption of polymeric materials increases the potential damage a fire could
cause. Halogenated chemicals have dominated as the primary means of flame retarding (FR)
polymeric materials since the 1960s. However, regulation has required they be phased out of use,
directing research towards halogen-free FR solutions. One emerging technology is nanocoatings.
Nanocoatings are currently processed using direct mixing, in situ polymerization, and layer-bylayer deposition in attempts to achieve well-organized and highly dispersed nanosheets. These
processing methods are limited by efficiency and scalability. Recently a method to fabricate
nanocoatings through a one-step coassembly has been developed and shown to impart FR.
In this dissertation, we explore the mechanism of FR imparted by nanocoatings, synthesized
using a one-step coassembly, and the effective contributions of the polymer binder and nanosheet
have on FR properties. A series of nanocoatings with binders of polyvinyl alcohol (PVA),
polyvinyl pyrrolidone, and poly ethylenimine (PEI) paired with montmorillonite (MMT) clay was
applied to PET films, cotton fabrics, and open-cell polyurethane (PU) foams. The second series of
nanocoatings varying nanosheets (MMT, laponite, and α-zirconia phosphate) were also applied to
PET, cotton, and PU. PET was the most responsive substrate, and PVA/MMT nanocoating showed
the most improvement in FR while cotton and PU responded best to PEI/MMT.

Brandon L. Williams, University of Connecticut, 2020

Several substrates were used to explore further and optimize FR nanocoatings. The char
templating and oxidative resistance imparted by highly ordered nanocoating displayed
extraordinary FR properties in increasing FR of 1.5 mm PBT sheets. Coating of exfoliated
nanosheets imparted self-extinguishing properties onto semi-finished leather, highlighting their
mechanism of oxidative resistance. PVA/MMT showed exceptional performance in treating
cardboard, were a critical step in its combustion is the oxidation of its char. PVA/MMT coatings
were minimally effective in improving FR of cotton fabrics, which need the addition of a functional
polymer and char promoting agent to achieve self-extinguishing properties. This research advances
the understanding of FR nanocoatings and their interactions with varied substrates.
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Chapter 1: Introduction
1.1 Fire Safety and Sustainability
Between 2013-2017, the U.S. National Fire Protection Association reported an average of
3,170 annual fire related deaths and more than 10 billion dollars in property losses from 20142018.1,2 As the global population increases, the consumption of energy and resources will
continue to rise. The consumption of paper products, synthetic polymers, and natural polymer
materials in circulation or stockpiled present an increasing fire hazard. In response to this
increasing concern, fire safety systems have been designed and implemented to mitigate the
dangers of fire. These “flame retardant” systems are comprised of building codes, suppression
systems, and material requirements that work in conjunction with one another to inhibit the
ignition, growth, and spread of fire.
The material property of flame retardants (FR) encompasses its ability to resist ignition,
flaming, and oxidation. Figure 1 outlines the combustion process where, a material under
adequate heat degrades into primary combustible and non-combustible products that oxidize
exothermically, feeding back into the decomposition of the substrate. Various FR have been
developed to improve the flame retardancy of polymeric materials, included amongst these
are halogen containing compounds,3–6 phosphorus containing compounds,7–14 phosphorusnitrogen synergistic system,15–17 metal hydrates18, and metal hydroxides.19–21. These
chemicals interact with intermediates that are produced during combustion to inhibit the
thermal feedback. The appropriate flame retardant solution is dependent on the specific
burning and degradation dynamics of the substrate in question. Natural polymeric materials
tend to char while some groups of synthetic polymers such as polyurethanes do not. An
1

understanding of substrate chemistry and burning dynamics is required in order to pair it with
the appropriate FR solution. The substrate also limits the means by which these compounds
can be implemented. All the aforementioned categories of FR compounds lend themselves to
being mechanically blended into polymer matrices, when blending is not feasible coating
techniques such as layer-by-layer, dip-coating, or other surface treating approaches must be
used. Coating techniques are an appealing method to apply FR solutions over blending as it
removes the need to chemically modify the filler compounds for solubility in the polymer
matrix. It alleviates any effects on the processability of the polymer and it places the FR
compound where it is need most, at the interface of the polymer and fire. However, the prime
positioning of the coatings at this interface does make them susceptible to abrasion damage.

Figure 1 Schematic of the combustion process and its thermal feedback loop.
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1.1.1 Halogenated flame retardants
Halogen containing chemicals have played a key role in flame retardant technologies since
the1960’s.3 Halogenated compounds act in the vapor phase to quench the highly reactive OH and
H radicles formed during combustion. These compounds require low loading contents (<10 wt. %)
to improve FR properties.22 Halogens have since been discovered to be both an environmental
and biological hazard.3,16 Their accumulation in living organisms has been linked to adverse health
effects.23,24 The nature of their small size makes their diffusion from a polymer matrix into the
environment an inevitability. When used in textiles humans come into constant contact with the
chemicals increasing risk of exposure. When halogens are added into polymer matrices, disposal
of the plastics containing these compounds into landfills results in environmental leaching. These
concerns have driven heavy regulation of halogenated FR and resulted in the significant need for
halogen free FR.25
1.1.2 Phosphorus and Phosphorus-Nitrogen Flame Retardants
Phosphorus containing chemicals have played critical roles in flame retardant technologies
since the 1960’s.3 Phosphorus based FR compounds react in the condensed phase. The compound
will degrade into phosphoric acid at temperatures below the ignition temperature of many
polymers.12,26–31 The released acid will then dehydrate the substrate to promote the formation of
carbonaceous char. Phosphorus based FR solutions require high loading fractions in comparison
to halogenated compounds. Depending on the polymer chemical composition the required loading
fraction can vary between 15-50 wt. %.14 The synergy between phosphorus and nitrogen has been
extensively researched and it is proposed that the addition of nitrogen containing compounds serve
two purposes. Amines degrade to form non-combustible ammonium gas effectively diluting the
O2 concentration. The second mode of action is a potential crosslinking reaction between

3

phosphorus and nitrogen that forms a dense carbonaceous char. The phosphorus-nitrogen system
has made strides to reduce the required loading fraction below the 30-50 wt. % required for
polyolefins but, loading fractions still exceed those required for halogenated flame
retardants.8,10,15–17,32,33
1.1.3 Metal Hydroxide, Metal Oxides, and Metal Hydrate Flame Retardants
Metal hydrates and metal hydroxides, particularly alumina trihydrate (ATH) and
magnesium hydroxide, have become the most used FR compounds in the world.20,34,35 These
compounds also react in the condensed phase through the endothermic degradation that deposits a
ceramic barrier and releases H2O. The use of this class of flame retardants is dependent upon the
required processing and operation temperature of the polymer matrix. For example, ATH and
MDH begin degrading around 180 and 300 °C, respectively. If ATH was added to a poly propylene
melt during processing it would release steam causing the melt to foam. Metal hydroxides have
been investigated as synergist for other FR systems.21,36–38 Even as the most consumed FR metal
hydroxides are limited by the high loading fractions required, 35-65%, resulting in losses of
mechanical properties.22,39
1.1.4 Nanocomposites
Nanocomposite flame retardants are a class of coating materials that leverage particles with
a minimum of 1-dimension on the nano scale and are well dispersed in a polymer matrix.
Nanoparticles have extremely high surface areas and unique structural and functional
characteristics that can be tailored to meet various technological demands. Nanocomposites impart
flame retardancy through the formation of particle rich layers that form barriers to heat and mass
transfer.40 The implementation of these particles come either by mixing into the bulk matrix or
through surface coating techniques. The use of polymer nanocomposites have been shown to
4

improve not only flame retardancy41–47 but, mechanical32,48–50, electrical51–53, and barrier
properties54–56 as well. When well dispersed nanofillers slow heat release and inhibit dripping.
The many improvements that can be gained from nanocomposites are all predicated on the
filler being well dispersed throughout the matrix. Of particular interest are nanocomposites
containing nanosheets such as those mentioned in the first patent issued to TOYOTA in 1980’s.57
since then hundreds of patents have been issued for nanocomposites used specifically as FR matrix
fillers. FR solutions can be implemented either by incorporation into the polymer matrix or by
application to the surface of a finished product. Traditionally these are processed using direct
mixing, solvent mixing, and in situ polymerization with layer-by-layer being a newer trending
preparation method.
1.2 Flame retardant fillers
FR fillers are compounds that are incorporated into the polymer matrix using processes
such as melt compounding, solution mixing or in situ polymerization. These processes are easily
integrated into existing production lines at minimal cost as many polymeric products already
leverage one or more to add colorants, and mechanical reinforcements. The aim of this strategy is
to have FR compound uniformly dispersed throughout the matrix so that any given area of the
polymer is protected. In practice this is difficult to achieve and commonly requires the
modification of the filler to increase its solubility with the polymer matrix. It is further hindered
by higher loading fraction than halogen FR, which require less loading to be effective. The high
loading fraction affects melt viscosity and processing temperatures. The processing temperatures
as well must be taken into consideration as it cannot be near the activation temperature of the FR
filler. For example, alumina trihydrate (ATH) and magnesium hydroxide (MH) have similar FR
mechanisms but ATH begins degradation around 180 °C and MH around 300°C.
5

1.2.1 Direct Mixing
Compounding is commonly carried out using single- or twin-screw extruders. This method
has the advantage of continuous high throughput, but the high viscosity melt makes dispersion
difficult and requires modification of the nanoparticles to increase compatibility with the matrix.58–
63

Direct mixing is a favorable path to produce bulky nanocomposites, but does not lend itself to

the production of thin film coatings. Yang et. al. reported on the synergistic effect of MgO, Fe2O3,
and ZnO with ammonium polyphosphate on the FR properties of polyurethane when melt
compounded at loading fractions of 30 wt.% and 35 wt.%. They report that MgO was the strongest
synergist being able to suppress flaming dripping and achieve a V-0 rating at a loading fraction of
30 wt.%
1.2.2 Solvent Mixing
Solvent mixing is the process of combining polymer solutions and nanoparticle dispersions
in the same or miscible solvents, followed by solvent removal. This process easily obtains well
dispersed systems but faces challenges in solvent removal when made with bulky nanocomposites.
The solvent mixing methods has shown considerable success in the preparation of epoxy
nanocomposites.64–66
1.2.3 In Situ polymerization
In situ polymerization is performed by mixing monomer and fillers followed by
polymerization. Fillers typically undergo modification to ensure miscibility with the monomer. A
well dispersed system must be acquired first, as after polymerization is initiated the system
viscosity will quickly increase. In situ polymerization has been used to create nanocomposites of
polyurethanes67, epoxy66, polypropylene68, polyamide 669–71, polystyrene72 and many other

73,74

,

proving to be a very versatile system. Yu et. al. produced FR epoxy/reduced graphene oxide
6

nanocomposites that reduced peak heat release rate and total heat release by 43.0% and 30.2%
respectively, compared to neat epoxy.
1.3 Flame retardant coatings
FR coatings are a class of materials that impart flame retardancy to the surface of a finished
product. This process has the major advantage of being a post-production process that only
modifies the surface. Alleviating the problems such as solubility in polymer matrix and
compatibility with polymer processing parameters. Additionally, these coatings interacting at the
interface of the “fire” and polymer lends itself to increased efficiency, requiring less FR to be
effective. But if required, coatings with wt.% in excess to those needed for FR fillers could be
applied and would not impact the base properties of the substrate. This approach is susceptible to
mechanical ware and would require additional tooling to be added into current production lines.
The physical process of applying coatings typically rely on traditional processes such as dipcoating or spray-coating. The mechanics of the coatings that govern composition and structure rely
on processes such as sol-gel and layer-by-layer. Research efforts have gone into increasing the
resistance of coatings to abrasion and75,76 to impart wash durability for treated textiles77,78. FR
coatings are a highly versatile and promising means of treating flammable materials.
1.3.1 Sol-gel
The sol-gel process uses inorganic or metal precursors in a solvent that are hydrolyzed
and condensed to form inorganic polymers.79 It is a process commonly used to create thin films
via dip-coating. Zhang et. al. produced wash resistant FR coatings by applying a montmorillonite,
ammonium polyphosphate, and vinyltrimethoxysilane nanocoating by dip-coating. Samples
showed reductions in peak heat release rate (pHRR) of 91% and a maximum water contact angle
of 130.2°.80

Sol-gel deposition of diethyl phosphate and organosilane reduced pHRR by 60%
7

when applied to PU foams.81 Sol-gel chemistries are a promising preparation pathway for FR
coatings due to its low temperature processing and compatibility with commonly used coating
methods.13,81–87
1.3.2 Layer-by-Layer
Layer-by-layer (LBL) is best suited to the formation of well-structured nanocoating. Layerby-layer assembly builds up layers through intermolecular attraction between molecules of
opposite charge. Briefly this process involves a substrate of appropriate surface charge is immersed
in a solution of opposing charge; followed by a washing step to remove any unbonded materials.
The sample is then exposed to another oppositely charged dispersion; followed again by a rinsing
step to complete the deposition of one bilayer. Carosio et. al. imparted FR coatings onto
polyurethane foams using a LBL approach that reduce the pHRR by 33% with the application of
2 bi-layers of chitosan and poly(phosphoric acid).88 Carosio et. al. also describs a spray assisted
LBL approach that improved the FR properties of polyester fabrics that resulted in a 34% reduction
in pHRR.89 Layer-by-layer allows for precise control of the composite architecture, but is limited
by its current scalability and coating durability.86,88,90–93
1.4 Summary
Many halogen-free approaches have been explored to impart flame retardancy to polymeric
materials. Among these technologies, nanocomposites are a promising solution owing to its high
efficiency and versatility as both a filler and coating solution. The limitations in dispersibility as a
filler holds back this technology from commercialization. Nanocomposites as a coating using
process like LBL produce coatings with well-organized nanostructure that are highly efficient but
are labor and time intensive. There is a need in the research for simple and expedient fabrication
and application of well-structured nanocomposite FR coatings.
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1.5 Flame Retardancy Assessments
The burning of materials is a complicated process that is affected by thousands of different
variables ranging from orientation of the substrate to the flame (i.e. horizontal or vertical) to
elevation above sea level. This makes characterization and quantification of flame retardancy a
difficult task. To address this difficulty flame testing standards have been developed to
characterize plastics, textiles, and films in horizontal and vertical orientations; with heat supplied
by radiant and open flame sources. The purpose of these tests is to maximize reproducibility and
reflect real-world fire environments, but sadly fall short of being able to explicitly characterize a
material’s flame retardancy. What these testing procedures do provide, are data that can be used
to provide insights on the comparative difference between materials that guide fire conscientious
engineering decisions. The entirety of all testing procedures and standards are beyond this
dissertation scope. Selection of testing methods and standards used as a basis for testing in this
study will follow.
1.5.1 UL-94: Tests for Flammability of Plastic Materials for Parts in Devices and Appliances
The UL-94 test method outlines procedures for testing plastic and other appropriate
materials in vertical and horizontal orientation. UL-94 is designed in reference to several ASTM
standards and records similar metrics in the way of afterflame time, afterglow time, and
observation of melting and dripping. For all test methods samples are conditioned to 50±5%
relative humidity at 23±2 °C. Horizontal burn test (HB) exposes specimens of 125±5 mm long ×
13.0±0.5 mm wide with a minimum thickness of 3.0 mm to a methane flame with height of 20±1
mm for 30±1s. Results of this test are the burn length and the calculated linear burning rate.
The vertical burning test orients samples of 125±5 mm long × 13.0±0.5 mm wide with a
maximum thickness of 13.0 mm to a methane flame with a height of 20±1 mm for 10±0.5 s.
9

Samples are mounted in a vertical orientation 300±10 mm above 0.08 g of 100% cotton thinned
over a 50 mm × 50 mm area. Samples are exposed to the flame twice in this method and data points
recorded are the afterflame time after exposure 1, the afterflame time after exposure 2, and the
afterglow time after exposure 2. Notes are made on if the specimen is burned up to the holding
clamp and whether any flaming particles ignited the cotton indicator. Performance of samples in
this test is summarized in a rating of V-0, V-1, or V-2 where a rating of V-0 is the most flame
resistant with qualities of no ignition of the cotton applicator, afterflame time of individual
specimens being ≤ 10 s, and afterglow plus afterflame time being ≤ 30 s.
1.5.2 ASTM D6413: Standard Test Method for Flame Resistance of Textiles (Vertical Test)
This test method is used to collect observational data of textile samples mounted in a
vertical orientation and exposed to a methane flame of height 1.5 in for 12 s. Specimens are made
to a size of 12 in” × 3 in and conditioned to 65±5% relative humidity. Following conditioning
specimens are mounted into a metal frame and placed into a cabinet equipped to minimize drafting
and evacuate exhaust after burning is complete. Three major metrics are recorded from this test:
afterflame, afterglow, and char length. Observations of melting and dripping are also recorded.
Figure 2 shows an example of a flame test cabinet and mounted metal frame used for testing.
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Figure 2 Schematic of a flame test cabinet from ASTM D6413. 94

1.5.3 ASTM D7309: Standard Test Methods for Determining Flammability Characteristics of
Plastics and Other Solid Materials Using Microscale Combustion Calorimetry
Microscale combustion calorimetry (MCC) is a qualitive test that is based on the oxygen
consumption principle to extrapolate the heat release behavior of tested materials. ASTM D7309
outlines two test procedures: method A and method B. Figure 3 shows a working diagram of the
test apparatus. Generally small samples (< 50 mg) are placed in a heating chamber where
temperature is ramped at a heating rate between 0.2 and 2 K/s in an oxygen-free (method A) or
oxidizing (method B) atmosphere. As the sample degrades a carrier gas transports the evolved
gases from the sample to a combustion chamber with an oxygen rich atmosphere where any
compounds that can be oxidized are. The gas stream is then analyzed for remaining O2
11

concentration. Using Equation 1 the specific heat release is calculated, where mo is the initial mass;
volumetric flow rates of the combustion streams prior to and during the test are Fo and F,
respectively; 𝑋𝑂2 and 𝑋𝑂02 are the volume mole fraction of oxygen in the combustion stream; E is
the average heat release by complete combustion of O2 (13.1 kJ/g∙O2) and 𝜌𝑂2 is the density of O2
at ambient conditions. The data from MCC testing is then used to calculate a fire growth capacity
(FGC) index. Shown in equation 2 the FGC is a quantitative metric that encompasses the total heat
release, ignition temperature, and burn out temperatures to better compare the relative
flammability of different materials. The FGC index in the sum of the Heat release capacity and
ignition capacity shown in eq 1. Where Q∞ is the total heat release THR. T1 is the ignition
temperature defined as the temperature at which 5% of the THR is achieved. T2 is the burnout
temperature and are defined as the temperature at which 95% of the THR is achieved. T0 is a
standard temperature taken to be 25 °C. The FGC index is a better cumulative metric to compare
different materials as opposed to comparing individual values such as peak heat release rate or
total heat release. The lower the index the more FR material is.

𝑄(𝑡) =

𝐸𝜌𝑂2
1
{𝐹𝑜 𝑋𝑂02 − 𝐹𝑋𝑂2 [1 − (𝑋𝑂02 − 𝑋𝑂2 )]}
𝑚𝑜
3

𝑄∞
𝑇2 − 𝑇0
)(
)
𝐹𝐺𝐶 = (
𝑇2 − 𝑇1 𝑇1 − 𝑇0
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Eq. 1

Eq. 2

Figure 3 Schematic of a microscale combustion calorimeter from ASTM D7039.95

1.5.4 Outline of the dissertation
The current commercial solutions to flame retardancy rely heavily on halogenated
chemicals, but regulatory pressure is requiring that these chemistries be phased out of use.
Research has shown that FR coatings are a promising alternative to fill the gap via waterborne and
scalable production. Our group has developed promising nanocoatings containing a high
concentration of well-aligned inorganic nanosheets, which can be applied to various substrates via
facile coating process including dip coating, spray coating, rotational coating, and exhibit
outstanding FR performance. This dissertation explores the effects of various inorganic nanosheets
and polymer binders in the nanocoatings on their FR performance when being applied to various
13

synthetic and natural polymeric substrates with different surface morphologies. The data presented
and discussed in this work is representative of a minimum of 3 burn test, two TGA test, and two
MCC analysis.
Chapters 2 examines the ability of the nanocoatings fabricated via a one-step coassembly
process with varied inorganic nanosheets of montmorillonite (MMT), laponite (LP), and αzirconium phosphate (ZrP) to impart flame retardancy to polyethylene terephthalate (PET) films,
cotton fabrics, and polyurethane foams. Chapter 3 details the contribution to FR that the polymer
binder makes by comparison of polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP), and
polyethylenimine (PEI) coassembled with MMT nanosheets applied to PET films, cotton fabrics,
and PU foams. Chapter 4 explores the ability of the coassembled PVA/MMT nanocoatings to
protect substrates with thickness on the length scale of millimeters. Chapter 5 examines the effect
of clay nanosheets on the FR properties of semi-finished leather. Chapter 6 shows a highly efficient
FR PVA/MMT nanocoating on cardboard. Chapter 7 explores the use of biopolymers and their
synergies with currently available flame retardants to impart flame retardancy to cotton fabrics.
Chapter 8 is a summary of the findings in this dissertation and the outlook the author would like
to share based on his understanding.
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Chapter 2. Flame Retardant nanocoatings: The Effects of Selected 2-dimensional
Nanosheets on Flame Retardant Behaviors on Various Substrates
2.1 Introduction
Polymeric materials are used in a large variety of applications and are a group of the most
heavily consumed products today. The use of polyester films in packaging applications,
polyurethane foams in upholstery, building materials, and cellulosic woven fabrics in upholstery,
clothing, and drapery all have a major complication in common. They are all highly flammable,
as such there are a lot of research efforts dedicated to retarding the flammability of these
materials. Halogenated chemicals have long been the favored choice where flammability has
been address, but its bio-accumulative properties and carcinogenic nature have caused them to be
heavily regulated.1,2 Thus, the drive to develop halogen free approaches drove the development
of phosphorus-based chemicals,3–5 phosphorus-nitrogen6–8 based compounds, and colloidal
composite coatings9–11 to fill the need, among which nanocomposite coatings (nanocoatings)
have been shown to be effective when applied to a wide breath of substrates. One of the most
popular approaches to deposit nanocoatings is the “layer-by-layer” approach where a substrate is
alternatively treated with solutions containing oppositely charged polymers and fillers.12–16 This
method allows for precise control of layers and creates a highly organized nano-structured
coating, but is time and labor intensive. An alternative approach to the “layer-by-layer” approach
for well-organized nanocoatings is the flow-assisted one-step coassembly approach where a lowviscosity dispersion is deposited with the assistance of some external forces (e.g., gravity) that
result in a highly ordered nanostructure.17 2-Dimensional nanosheets are available in a variety of
aspect ratios (i.e., diameter to thickness ratio) and chemical compositions, and the effects of
these variables on the flame retardancy (FR) performance of the formed nanocoatings are not
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well understood. Figure 4 shows the comparatively higher aspect ratio of montmorillonite
(MMT) and α-zirconium phosphate (ZrP) nanosheets to that of laponite (LP). Herein we design a
study to survey the effects of aspect ratio, nanosheet/polymer interaction, and
nanocoating/substrate interaction on the improvements of FR behaviors.

Figure 4 TEM images of exfoliated montmorillonite (left), α-zirconium phosphate (middle), and
laponite (right).
2.2 Experimental
2.2.1 Materials
Polyvinyl alcohol 8-88 (~67,000 weight average molecular weight ) (PVA) was acquired
from Kuraray. Montmorillonite (MMT) was supplied by (Cloisite®). Laponite (LP) was supplied
from BYK. Phosphoric acid (85%, Fisher), zirconium chloride octahydrate (98%, Acros
Organics), glutaraldehyde (GA) (50% aqueous solution, Aldrich), and HCl (37%, Aldrich) were
used as received without further purification.
Cotton fabrics (bleached and desized) were supplied by Vogue Fabrics Inc. (Houston,
TX). Open cell polyurethane (PU) foam was acquired from Covestro AG (Pittsburgh, PA). PET
films (24 µm in thickness) were acquired from Tray Plastics (America) Inc.
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2.2.2 Synthesis and exfoliation of ZrP
ZrP micro-crystals were synthesized according to the hydrothermal method reported by
Sun et al.18 Briefly the synthesis is as follows. A sample of 6.0 g of ZrOCl2•8H2O was mixed
with 60.0 mL of 12.0 M H3PO4 in a sealed Teflon-lined autoclave and reacted for 24 h at 200
°C. The product was washed and centrifuged three times followed by drying at 60 °C for 24
h. The dried product was then ground into fine powders using a mortar and pestle. The ZrP
micro-crystals were exfoliated using propylamine by dispersing 0.9 g of the prepared ZrP
powders in 60 mL of DI water and sonicated for 1 h. After sonication 30 mL of 0.10 M 1propylamine was added and then sonicated in an iced sonication bath for 3 h resulting in 1.0
wt.% solution of exfoliated ZrP nanosheets.19
2.2.3 Preparation of PVA/MMT, PVA/LP, and PVA/ZrP dispersions
A predetermined amount of MMT or LP powders was dispersed in DI water to form a 2.0
wt. % stock solution. A predetermined amount of the 1.0 wt.% exfoliated ZrP dispersion was
used as prepared after exfoliation. A 10.0 wt. % stock solution of PVA was prepared by
dissolving PVA pellets in water with the assistance of heating at 80 °C. A dispersion with a solid
content of 1.5 wt. % was created by combining either MMT, LP, or ZrP stock solution with an
appropriate amount of DI water, followed by a sonication post-treatment for 1 h. Following
sonication, a pre-determined amount of PVA stock solution was added to the aqueous dispersion
containing nanosheets while under vigorous stirring and allowed to stir for an additional hour.
After stirring, the dispersion was further subjected to 1 hour of sonication to ensure a uniform
dispersion. Immediately before coating a HCl catalyzed solution of GA was added in a molar
ratio of 1:20 (GA:PVA-OH groups) for the crosslinking reaction.
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2.2.4 Preparation of nanocomposite coatings
PET films and cotton fabrics were cut into coupons with dimensions of 8 cm × 18 cm and
washed with water and ethanol, then dried before coating. PU Foams were cut into 1 in × 1 in ×
1 in cubes, and washed with DI water and then ethanol, then dried. The PET films and cotton
samples were dipped into the above prepared dispersions until the surface was completely wetted
and then drawn out of the bath at a constant rate before being hung in an oven vertically to dry at
70 °C until a stable mass is achieved. The PET films were rotated 180° between each coating
cycles for 4 cycles. Cotton fabrics were rotated 180° between each coating cycles until a stable
weight uptake of ca. 15 wt. % was achieved. PU foams are coated by submerging into a bath of
the selected dispersion and compressed to expel trapped air in the cells, then rotated 180° and
repeated until every face of the foam has been compressed. Foams were hung and dried for 1 h at
80 °C between each coating cycle for a total of 4 coating cycles. After the final coating cycle, the
foams are dried at 80° for 12 h to completely dry the nanocoating layer. All samples acclimated
to lab humidity (ca. 50% RH) for 12 h before testing.

2.2.5 Characterization
X-ray diffraction (XRD) patterns were recorded on a Burker D2 diffractometer with Cu
Kα radiation (λ= 1.5406 Å), and Bragg-Brentano Θ-2Θ. Scanning electron microscopy was
conducted to investigate the coating quality and the structure of residual chars. SEM images
were obtained using a FEI Nova Nano SEM 450 microscope. Thermal stability analysis was
performed on a thermogravimetric analyzer (TGA), TA Instruments Model Q500 under air
atmosphere. Gas flow rate was 60 mL/min over a temperature range from 50-750 ℃ at a heating
rate of 20℃/ min. Vertical burning tests, horizontal burning test, and surface burning were
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carried out in a flame cabinet according to procedures modeled after those outlined in UL-94.
Micro-combustion calorimetry was performed on a Govmark model MCC-3. Images and video
of burn testing were captured using a Samsung galaxy s8+. Testing was carried out according to
ASTM D7309 method A and method B with a heating rate of 1 ℃/s in a nitrogen environment.
Samples are compared using a flammability index called “Fire Growth Capacity (FGC)”. The
FGC index in the sum of the Heat release capacity and ignition capacity shown in eq 1 and eq 2.
Where Q∞ is the total heat release THR. T1 is the ignition temperature defined as the temperature
at which 5% of the THR is achieved. T2 is the burnout temperature and are defined as the
temperature at which 95% of the THR is achieved. T0 is a standard temperature taken to be 25
°C. The FGC index is a better cumulative metric to compare different materials. The lower the
index the more flame retardant material is. The data presented and discussed in this chapter is
representative of a minimum of 3 burn test, two TGA test, and two MCC analysis.
𝐹𝐺𝐶 = (

𝑄∞
𝑇2 − 𝑇0
)(
)
𝑇2 − 𝑇1 𝑇1 − 𝑇0

Eq. 2

2.3 Results and Discussion
2.3.1 XRD
The co-assembly of PVA and MMT nanosheets has been well documented.17 The XRD
patterns presented in Figure 5 show the formation of PVA/inorganic nanosheet coatings on
various substrates. The PVA/MMT nanocoating shows its characteristic intercalated layered
structure corresponding to a 29.0 Å interlayer distance. The relative intensity of the peak changes
depending on the substrate the coating is applied to because the different surface morphologies
allow varying amounts of the coating to be oriented at different levels. PET films have a smooth
and uniform surface allowing for the best orientation of the three types of nanosheets, resulting
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in an intensive diffraction peak. Cotton fabrics are made from multifilament tows woven into a
pattern. The nanocoating in this case surrounds fibers that are oriented 90° to one another.
Therefore, the overall orientation level of the nanosheets is not as ideal as those on PET films.
Open cell PU foams contain randomly oriented thin cell walls, which affect the orientation of the
nanosheets, resulting in the lowest diffraction peak intensity. Despite the varied geometry and
surface roughness of the substrates it is still possible to deposit nanocoatings with some level of
nanosheet orientation.

Figure 5 XRD patterns of coated PET (row 1), cotton (row 2), and PU foam (row 3).
2.3.2 TGA
TGA thermograms of the coated and uncoated samples are shown in Figure 6,Figure 7,
and Figure 8. As expected, all pristine samples degraded virtually completely and had residual
masses of 0.72%, 1.04%, and 0.99% for PET, cotton, and PU foam, respectively. In every
instance coated samples have an increased residual mass due to both the residue from inorganic
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nanosheets and the promoted char formation. Neat PET films underwent two distinct degradation
steps, the first of which began in the range of 390-410 °C and had a peak mass loss rate (pMLR)
of 37.28 %/min at 433.0 °C. This degradation step is the product of competing volatilization and
char formation process.20–22 The second degradation step resulted from the oxidation of the
formed char and began at ca. 530 °C and has a pMLR of 4.504 %/min occurring at 576.6 °C. The
pMLR temperature of PET-PVA/MMT increased by approximately 5 °C, while PET-PVA/LP
and PET-PVA/α-ZrP both increased their pMLR temperatures by approximately 10 °C. In the
regime of the second degradation step PET-PVA/MMT had an 8.1% increase in pMLR that
occurs 27 °C lower than neat PET , while PET-PVA/LP for this step resulted in a 43.2% increase
in pMLR at approximately the same temperature as PET-Neat. PET-PVA/α-ZrP displays two
steps that occur at 70 °C before and 5 °C after the pMLR of PET-Neat. These peaks are 7.7%
and 45.6% less than the oxidative pMLR of PET-Neat.

Figure 6 TGA and DTGA thermograms of the neat and coated PET films.
TGA and DTGA thermograms of polyurethane foam samples are shown below in Figure
7. The Uncoated PU foam (PU-Neat) has three degradation steps that began at ca. 254 °C, 286
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°C, and 395 °C that results in a residual mass of 1.00%. The first mass loss step correlates to the
release of entrapped blowing agent, the second step is the depolymerization and degradation of
the PU into isocyanates and various polyols , and the third step is the degradation of the polyols
into aliphatic char and oxidation of that char.23 PVA/MMT and PVA/ZrP coatings reduced the
pMLR of the first step by 25.9% and 28.5% but increase the pMLR of the second peak by
19.45% and 16.8% respectively. PVA/LP coatings led to a single degradation step where all
other samples show 2. The pMLR occurred at a temperature in between the first two mass loss
steps and is 4.9% higher than the pMLR of the first step of neat PU. All coated foams push the
third degradation step seen in neat PU to higher temperatures. The third degradation step of the
neat PU had a pMLR that occurred at 406.3 °C. The pMLR for PU-PVA/LP second degradation
occurs at 508.3 °C and is 55% lower than that of PU-Neat. The residual mass observed for
PVA/MMT is 13.8%, PVA/LP results in a final residual mass of 14.1%, and PVA/ZrP leaves
behind 11.34% which is attributed mostly to the clay content of the coatings.

Figure 7 TGA and DTGA thermograms of the neat and coated PU foam samples.
TGA thermograms of cotton fabrics are shown in Figure 8. Neat cotton undergoes 2 distinct
decomposition steps occurring in the ranges of 300-330 °C and 450-500 °C corresponding to the
decomposition of cellulose and the oxidation of char residues.24,25 The total mass losses for Cott31

Neat, Cott-PVA/MMT, Cott-PVA/LP , and Cott-PVA/ZrP are 99.8%, 91.4%, 91.8, and 92.3%
respectively. The pMLR decrease by 13.0% and 11.9% for Cott-PVA/MMT and Cott-PVA/MMT
while increasing by 2.4% for Cott-PVA/ZrP during the first degradation step. The coating has
minimal effect in affecting the initial mechanisms of degradation. The coating itself provides
minimal thermal insulation and with it consisting of 50 wt.% polymer contributes to the initial
depolymerization, volatilization, and dehydration of the samples. Cott-PVA/ZrP has an increased
mass loss rate due to the presence of the propylamine exfoliating agents affixed to the platelet
surfaces.

Figure 8 TGA and DTGA thermograms of the neat and coated cotton fabric samples.
2.3.3 VBT
The coated samples were subjected to VFT to characterize their burning characteristics
and the image of the samples after VFT are shown in Figure 9, Figure 10, and Figure 11. As
shown in Figure 9, the neat PET film melted and was burnt away completely with almost no
char formation along the sample edges. For the PET film coated with PVA/MMT, there is little
deformation in the shape of the film and a large uniform char layer formed leaving most of the
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film intact. The PET film coated with PVA/LP had large deformations, but the burning of the
sample left behind a large amount of char along the edges of the film. These samples did not
drip during VFT but instead melted and combined to form the char seen along the edge. The PET
film coated with PVA/ZrP also showed increased charring and no dripping but are still highly
deformed.

Figure 9 Images of the neat and coated PET samples after VFT.
The neat cotton sample burnt away almost completely leaving behind an extremely light
and insubstantial char. The coating of cotton fabrics with PVA/MMT, PVA/LP, and PVA/ZrP all
had similar effects on the cotton fabrics by promoting char formation and inhibiting the oxidation
of char residues.
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Figure 10 Images of the neat and coated cotton fabrics after VFT.
Images of residual chars collected after VFT of the PU foams are shown in Figure 11.
The neat PU foam left behind almost no char. During burning the neat PU ignited and then
formed a highly flammable liquid that dipped away and continued burning until no appreciable
char remains. Samples coated with PVA/MMT and PVA/LP, and PVA/ZrP all did ignite and
burnt but the liquification and dripping was completely eliminated for all the three samples. PUPVA/MMT showed a small amount of shrinkage after burning while PU-PVA/LP showed almost
no deformation. PU-PVA/ZrP showed comparatively larger amount of deformation compared to
the other two treated counterparts.
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Figure 11 Images of the neat and coated PU foams after VFT
2.3.4 SEM
SEM images of the samples are captured to evaluate the nanocoating quality and the
development of char after the samples were burned. Figure 12 shows the images of PET films
where all nanocoatings coated the film surface completely and uniformly. After the VFT the
most notable change in these samples’ burn dynamics is the increased char formation. The neat
PET film was completely burnt with very little chart formation. Samples PET-PVA/MMT and
PET-PVA/LP exhibited increased surface roughness and fractures that indicate a brittle but dense
char layer. Samples PET-PVA/LP and PET-PVA/ZrP show the formation of wrinkles on the char
surface. This is the result of the melting of the PET substrate underneath the char layer formed
by the nanocoating and the resulting differences in the two materials’ elastic moduli. The crosssection images show that all the coating form a layered char structure. The nanocoating that
contains MMT formed layers that have more continuity in the lateral dimension whereas the LP
nanocoating showed much smaller grains along its lateral dimension. The better continuity
provided by MMT is attributed to its high aspect ratio where inter-nanosheet interaction
contributes significantly to the strength of the char layer on smooth continuous substrates.
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Figure 12. SEM images of the neat and coated PET films before and after VFT.

The nanocoatings applied on cotton fabrics all showed smooth surfaces that cover the
individual fabric filaments as presented in Figure 13. The char left behind by the neat cotton
fabrics after burn testing left behind sparse char that retained almost none of the structure of the
fabrics woven pattern. After applying the nanocoatings all samples showed increased char
formation, evident by the retention of the fabrics weave patterns. Cott-PVA/LP samples showed
more shrinkage in comparison to Cott-PVA/MMT and Cott-PVA/ZrP. This increased shrinkage
is attributed to the smaller aspect ratio of the LP nanosheets. In the cross-section images of the
nanocoatings the development of a layered char layer was observed most prominently with CottPVA/MMT and Cott-PVA/LP samples. Cott-PVA/ZrP coated fabrics showed increased char
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formation but the quality of the char was more granular and less layered compared to its other
two counter parts.

Figure 13. SEM images of the neat and coated cotton fabrics before and after burn testing.
The nanocoatings on PU foams presented in Figure 14 again show that all formulations
formed uniform thin coating layer that completely covered the substrate surface. After burn
testing PU-Neat melted, losing all foam like structure and formed a highly flammable liquid that
left behind very little char. PU-PVA/MMT, PU-PVA/LP, and PU-PVA/ZrP all showed
significant increases in char formation with PU-PVA/MMT showing the best results. The PUPVA/MMT images after VFT show areas of deformation where the sample had deformed in
some areas but, formed an insulating char as opposed to the flammable liquid formed by PUNeat. This trend is present but less prevalent with samples PU-PVA/LP and PU-PVA/ZrP where
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the former showed some webbing as it deformed, and the latter collapsed into a bunched platelet
structure.

Figure 14. SEM images of the neat PU, PU-PVA/MMT, PU-PVA/LP, and PU-PVA/ZrP.
2.3.5 MCC
MCC testing directly investigates the flammability of samples and quantifies the energy
of combustion. MCC method A measures the energy produced by the oxidation of the evolved
gases a sample produces while under pyrolysis. Figure 15 is a plot of HRR (W/g) vs.
temperature (°C) of the neat and coated PET films. PET-neat onset its heat release at ca. 440 °C
and peaked with a pHRR of 398.4 W/g at 468.2 °C. The least improvement was shown by PETPVA/ZrP with a 9.2% reduction in HRC along with 7.4% and 8.3% reductions in pHRR and
THR), respectively. PET-PVA/LP reduced HRC by 27.1%, reduced pHRR by 25.6%, and
reduced THR by 29.5%. Sample PET-PVA/MMT reduced the HRC, pHRR, and THR by 32.1%,
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30.6%, 27.1%, respectively, showing the most significant improvement in FR behaviors for PET
films. This is attributed in large part to its highly ordered nanostructure along with the high
aspect ratio of the MMT nanosheets. The ordered structure provides the best gas barrier
properties, and the presence of the MMT provides a thermal barrier aiding in resisting
conductive heat transfer. The high aspect ratio of the MMT nanosheets insures that during
burning it will be difficult for the nanosheets to shift and disrupt the layered structure. Similar
phenomena are observed in PET-PVA/LP where the LP nanosheets formed a gas barrier due to
their structure and a thermal barrier due to their composition. What differs here is the smaller
aspect ratio of the LP nanosheets, making them easier to dislodge and shift during burning
exposing a higher chance for defects in the film, which allows more of evolved gases to escape.
This is evident by its increase in pHRR compared to PET-PVA/MMT. Sample PET-PVA/ZrP
did not perform as well as expected. ZrP nanosheets have comparable aspect ratios to that of
MMT, but the formed nanocoatings did not provide the same level of flame retardancy as its
MMT counterpart. This is believed mainly due to the residual presence of the agent used to
exfoliate ZrP, preventing the necessary hydrogen bonding between the ZrP nanosheets and the
PVA, and unfavorable for the formation of an ordered layered structure.
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Figure 15 MCC plots of the neat and coated PET films.
Table 1 MCC results of the neat and coated PET films according to method A
Sample Name Method
PET-Neat
PET-PVA/MMT
PET- PVA/LP
PET- PVA/ZrP

A

Tonset
(°C)
439.8
428.6
432.2
436.5

FGC

HRC
(J/g-K)

pHRR
(W/g)

THR
(KJ/g)

339.8
175.9
268.6
320.0

402
273
293
365

398.4
276.4
296.4
368.9

16.7
12.2
11.8
15.3

Tp
(°C)
468
458
463
641

Heat release behavior of the neat and coated cotton fabrics are presented in Figure 16.
The uncoated cotton fabrics (Cott-Neat) onsets its combustion at 320.4 °C with a HRC, pHRR,
and THR of 178 J/g·K, 180.3 W/g, and 9.652 KJ/g, respectively, with its peak HRR occurring at
a temperature of 374.1 °C. Cott-PVA/MMT exhibited an increase in HRC, pHRR, and THR of
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23.0%, 23.0%, and 13.2% respectively. Cott-PVA/LP again trailed Cott-PVA/MMT in
performance with similar increases of 21.3% in HRC, 20.9% in pHRR, and a 6.6% increase in
THR. Cott-PVA/ZrP again exhibited the poorest performance by displaying a markedly larger
increase in HRC (57.3%), pHRR (57.1%), and THR (19.2%).
Cotton fabrics are constructed from multi-filament fibers whose hieratical structure
results in a rough surface topography. As cotton decomposes the fibers shrink as a result of water
loss and thermal decomposition. PVA/MMT nanocoating is hindered by the large aspect ratio of
the MMT nanosheets as cotton shrink. The high aspect ratio of the MMT nanosheets limits their
ability to track the shrinking of the filaments and will leave defects in the char layer that weakens
its thermal and gas barrier properties. Therefore, much better improvements of MMT containing
nanocoating on PET films was observed in comparison to cotton fabrics. PVA/LP nanocoatings
are again tracking with the performance of MMT for the same reason that MMT struggles to
track the shrinking of the filaments the smaller aspect ratio of LP allows it to better maintain its
barrier properties. The even poorer performance of PVA/ZrP nanocoatings is probably due in
part to its high aspect ratio inhibiting the barrier properties but also in part to the presence of the
exfoliating agent that interrupts the hydrogen bonding between the nanosheets and the polymer.
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Figure 16 MCC plots of coated and neat cotton fabrics tested in Method A.
Table 2 MCC results of the neat and coated cotton fabrics according to method A
Sample Name Method
Cott-Neat
Cott-PVA/MMT
Cott-PVA/LP
Cott-PVA/ZrP

A

Tonset
(°C)
320.4
348.3
342.2
329.1

FGC

HRC
(J/g-K)

pHRR
(W/g)

THR
(KJ/g)

157.5
123.1
163.3
258.4

178
219
216
280

180.3
221.8
218
283.2

9.7
10.9
10.3
11.5

Tp
(°C)
374
390
391
363

The HRR behavior of the PU foam samples is shown in Figure 17. The onset of
combustion of the neat PU foam occurred at 215.3 °C followed by its two pHRRs of 112.4 W/g
and 440.0 W/g that occur at 233.6 °C and 412.1 °C, respectively. The neat PU foam’s THR was
27.1 KJ/g and its HRC was 436 J/g·K. PU-PVA/ZrP again exhibited the least improvement in
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FR with reductions in the HRC and THR of 19.0% and 15.0%, respectively, in comparison to the
neat PU. The reduction in the first pHRR was 36.6% and 19.4% in the second pHRR. PUPVA/LP showed a reduction of the THR and HRC by 16.0% and 25.9%, respectively, and the
first and second pHRRs were lowered by 17.3% and 25.8%, respectively, compared to the neat
PU. PU-PVA/MMT demonstrated the most impressive improvement with reductions in THR and
HRC of 23.4% and 3.6%, respectively. The PVA/MMT nanocoating decreased the first and
second pHRRs by 42.6% and 44.2%. The first pHHR of the neat PU displayed a primary peak
followed by a shoulder. The coatings containing high aspect ratio nanosheets (PVA/MMT and
PVA/ZrP) blunt the peak lowering the pHRR and shifting it to higher temperatures. This can
probably be attributed to the gas barrier properties imparted by high aspect ratio nanosheet
containing composites. The smooth surface of the cell walls is akin to that of the PET films
discussed earlier. As such a similar trend in the performance of the nanocoatings were observed
during the second HRR peak. The highly ordered PVA/MMT nanocoating imparted a robust gas
and thermal barrier. The PVA/ZrP nanocoating showed similar behaviors but was incapable of
matching the PVA/MMT nanocoating due to its less ordered nanosheets and the interference of
the exfoliating agent. The PVA/LP nanocoating once again showed median performance due
mostly to the lower barrier properties provided by the lower aspect ratio LP nanosheets.
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Figure 17 MCC plots of coated and neat PU foams tested in Method A.
Table 3 MCC results of the neat and coated PU foams according to method A
Sample Name Method
PU-Neat
PU -PVA/MMT
A
PU–PVA/LP
PU -PVA/ZrP

Tonset
(°C)
215.3

FGC

HRC
(J/g-K)

pHRR
(W/g)

THR
(KJ/g)

264.2

436

27.1

241.3

204.3

246

254.9

228

323

234.3

226.6

353

112.4
440.4
64.5
245.8
93.0
326.7
71.24
355
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20.7
22.7
23.0

Tp
(°C)
234
412
259
394
289
403
249
411

2.4 Conclusions
Nanocomposite coatings consisting of a PVA matrix and various clays (MMT, LP, ZrP)
were designed and synthesized using a one-pot coassembly method were applied to PET films,
Cotton fabrics, and open cell PU Foams. All substrates responded well to the well-organized
PVA/MMT coating which improved char formation, slowed burning, and improving the heat
release behavior with the caveat being cotton fabrics. When treating multi filament fibers such as
cotton we observed lesser improvements that are due to the more defective char formed around
the rapidly shrinking filaments. The strong interactions between the platelet and the polymer
matrix is shown to be a critical factor evident by the unexpectedly low improvements observed
from PVA/ZrP coatings.
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Chapter 3: Flame Retardant Nanocoatings: The Effects of Polymer Binder on Flame
Retardant Behaviors on Various Substrates
3.1 Introduction
Flame retardancy of polymeric materials has traditionally used halogenated and halogenphosphorus compounds as a ubiquitous solution. The heavy regulation of halogens that serve as
excellent flame retardants has driven the development of halogen-free solutions over the past
decades.1–5 Among these solutions three exceedingly popular approaches have been nitrogen6–11
and phosphorus based chemistries12–17 and nanocomposites containing inorganic nanofillers.18,19
These are implemented either through compounding or applied as surface coatings post processing.
These chemistries have been applied using several approaches. and Direct mixing20–23 (when
possible), dip coating,24 layer-by-layer (LbL) self-assembly,3,8,25–27 have been used to apply flame
retardant solutions onto cotton fabrics, polyesters, epoxies, and many other polymer families. LbL
has been studied extensively for the application of FR coatings to textiles28,29 and foams,26,27,30,31
but this method is labor and time intensive, and its advantages of precision deposition and, in some
cases, low loading requirements are over shadowed by its lack of through put. Physical
compounding often requires a high loading fraction. At these loading fractions the filler
compounds drastically affect the processability for most polymers. Dip-coating is a simple
approach that can be used for virtually any substrate and what is lost in perfect layer control is
belayed by speed and through put.
The survey of nanosheet effects presented in Chapter 2 revealed that systems with a
polyvinyl alcohol (PVA) binder provide improvements to flame retardant properties primarily
through the inhibition of solid char oxidation and results in a more robust char layer. This
mechanism is not capable of imparting self-extinguishing capabilities alone at the tested coating
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thickness. To introduce additional FR functionality the substitution of PVA with other watersoluble polymers with increased thermal stability and desired chemical functional groups to
potentially retard flame is proposed. Polyvinylpyrrolidone (PVP, Figure 18) is a non-toxic
polymer used in pharmaceuticals, adhesives, and a wide array of other industries.32 Its increased
thermal stability, nitrogen content, and physical structural similarities make it an ideal candidate
for the substitution of PVA. Polyethylenimine (PEI, Figure 18) has found applications as
membranes for CO2 capture, vectors for DNA transfection, and templates for nanoparticle
synthesis.32–35 The cationic nature of PEI will ensure strong interaction with the negatively charged
MMT nanosheets. This strong interaction with MMT, the high N2 content, and branched structure
make PEI a desired target to investigate effects of physical structure and chemical composition on
flame retardant behavior. In this chapter we investigate the effect of polymer binder in terms of its
chemistry and structure on the flame retardancy of the formed nanocoatings imparted to different
substrates.

Figure 18 Structures of PVA, PEI, and PVP.

49

3.2 Experimental

3.2.1 Materials
Polyvinyl alcohol 8-88 (~67,000 weight average molecular weight) (PVA) was acquired
from Kuraray. Branched PEI (molecular weight 10,000) was purchased from Alfa Aesar. PVP
(molecular weight 6,000-15,000) was purchased from Ashland. Glutaraldehyde (GA) (50%
aqueous solution, Aldrich) and HCl (37%, Aldrich) were used as received without further
purification. Montmorillonite (MMT, Cloisite® Na+) was acquired from BYK Additives &
Instruments Inc., USA.
Cotton fabrics (bleached and desized) were supplied by Vogue Fabrics Inc. (Houston,
TX). Open cell polyurethane (PU) foam was acquired from Covestro AG (Pittsburgh, PA). PET
films (24 µm in thickness) were acquired from Tray Plastics (America) Inc.

3.2.2 Preparation of PVA/MMT, PVP/MMT, and PEI/MMT dispersions
A pre-determined amount of MMT powder was dispersed in DI water to form a 2.0 wt. %
stock solution. A 10.0 wt. % stock solution of PVA, PVP, or PEI was prepared by dissolving PVA
pellets, PVP powders, or PEI gel in water with the assistance of heating at 80 °C. A dispersion
with a solid content of 1.5 wt. % was created by combining MMT stock solution with the
appropriate amount of DI water and sonicating for 1 h; following sonication, a pre-determined
amount of PVA, PVP, or PEI stock solution was added to the exfoliated clay and water suspension
while under vigorous stirring and allowed to stir for an additional hour. After stirring, the
dispersions were ultrasonicated for another 1 h to ensure a uniform dispersion. Immediately before
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coating, a HCl catalyzed solution of GA was added in a molar ratio of 1:20 (GA:PVA-OH groups)
for the crosslinking reaction.

3.2.3 Preparation of nanocoatings
PET films and cotton fabrics were cut to coupons with dimensions of 8 cm × 18 cm and
prepared by washing with water and ethanol before coating. PU Foams were cut into 1” cubes and
washed with first DI water and then ethanol. PET films and cotton samples were dipped into the
above prepared dispersions until the surface was completely wetted and then moved out of the bath
at a constant rate before being hung in an oven vertically to dry at 70 °C until a stable mass is
achieved. PET films were rotated 180° between each coating cycles for 4 cycles. Cotton fabrics
were rotated 180° between each coating cycles until a stable weight uptake of 15 wt. % was
achieved. PU Foams were coated by submerging into a bath of the selected dispersion and
compressed to expel the trapped air in the cells then rotated 180° and compressed on 4 faces of the
foams. Foams were hung with a very thin metal wire and dried for 1 h at 80 °C between each
coating cycle for a total of 4 coating cycles. After the final coating cycle the foams were dried at
80 °C for 12 h or longer until a constant weight was reached. All samples acclimated to room
humidity (ca. 50% RH, 25 °C) for 12h before testing.

3.2.4 Characterization
The X-ray diffraction (XRD) patterns of the coated samples were recorded on a Bruker
D2 diffractometer with Cu Kα radiation (λ= 1.5406 Å) and Bragg-Brentano θ-2θ geometry.
Scanning electron microscopy was conducted to investigate the coating quality. SEM images
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were obtained using a FEI Nova Nano SEM 450 microscope. Thermal stability analysis was
performed on a thermogravimetric analyzer (TGA, TA Instruments Model Q500) under air
atmosphere. Gas flow rate was 60 mL/min over a temperature range from 50-750 ℃ at a heating
rate of 20 ℃/min. Vertical flame tests were carried out in a flame cabinet according to the
procedures modeled after those outlined in UL-94. Images and video of flame tests were
captured using a Samsung galaxy s8+. Micro-combustion calorimetry characterization was
performed on a Govmark model MCC-3. Testing was carried out according to ASTM D7309
method A and method B with a heating rate of 1 ℃/s in a nitrogen environment. Samples are
compared using a flammability index called “fire growth capacity” (FGC). The FGC index in the
sum of the Heat release capacity and ignition capacity shown in eq 1, where Q∞ is the total heat
release (THR); T1 is the ignition temperature defined as the temperature at which 5% of the THR
is achieved; T2 is the burnout temperature and defined as the temperature at which 95% of the
THR is achieved; T0 is a standard temperature taken to be 25 °C. The FGC index is a cumulative
metric to compare different materials. In general, the lower the index the more flame retardant a
material is. The data presented and discussed in this chapter is representative of a minimum of 3
burn test, two TGA test, and two MCC analysis.
𝐹𝐺𝐶 = (

𝑄∞
𝑇2 − 𝑇0
)(
)
𝑇2 − 𝑇1 𝑇1 − 𝑇0

Eq. 2

3.3 Results and Discussion
3.3.1 XRD
The assembly of nacre-like nanocoatings is predicated upon the exfoliation of the MMT
nanosheets and the maintenance of a suitable environment for those nanosheets as the polymer
binder is introduced. Figure 19 show that similarly to PVA based nanocoatings whose d-spacing
is ca. 30.5 Å, PVP formed ordered nanocoatings with a d-spacing of ca. 29.3 Å. The diffraction
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patterns of the PEI/MMT nanocoatings do not show the formation of a well-ordered layered
structure. This is believed in part owing to the strong buffering effect of PEI when introduced to
the acid catalyzed crosslinking agent. PEI is most soluble in acidic solutions while MMT under
acidic conditions will aggregate. The need to adjust the pH of the PEI solution to produce a uniform
dispersion is at odds with the conditions required to form a well-ordered nanocoating.

Figure 19 XRD patterns of the coated samples.
3.3.2 TGA
The neat PET films underwent two mass loss steps resulting in a total mass loss of
approximately 99.4%. Figure 20 shows that the samples treated with nanocoatings reduced the
total mass loss by 2.4%, 0.6%, and 1.6%, respectively, for PET-PVA/MMT, PET-PVP/MMT, and
PET-PEI/MMT. The neat PET displays peak mass loss rates (pMLRs) of 36.5%/min at 433 °C for
the first mass loss step and 4.5%/min at 549.1 °C for the second mass loss step. Films PET53

PVA/MMT and PET-PVP/MMT reduce the pMLR by 6.2% and 7.8%, respectively. PETPEI/MMT has the largest reduction of pMLR at 31.2% less than PET-Neat. In the second step
PET-PVA/MMT shows an 8.3% increase in the pMLR. PET-PVP/MMT and PET-PEI/MMT
show an 8.9% and 2.8% respective reduction in the second pMLR.

B

A

Figure 20 TGA (A) And DTGA (B) thermograms of the neat and coated PET films.

The TGA and DTGA thermograms of the coated cotton fabrics presented in Figure 21
show neat cotton to lose 99.8% of its mass while Cott-PVA/MMT, Cott-PVP/MMT, and CottPEI/MMT losed 91.4%, 89.1%, and 92.6% respectively. Cott-PVA/MMT shows a reduction of
16.7% in the first pMLR and has the largest reduction in the second pMLR of 73.2%. CottPVP/MMT shows reduction of 48.2% and 63.9% in the first and second mass loss steps,
respectively. Cott-PEI/MMT shows the most reduction in the rate of mass loss of the first step with
a reduction of 78% and a reduction of 65% in the second step.
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B

A

Figure 21 TGA (A) and DTGA (B) thermograms of the neat and coated cotton fabrics.
The TGA thermograms of the untreated and treated PU foams are shown in Figure 22. The
nanocoatings reduced the total mass loss by 13.9%, 13.1%, and 14.7% for PU-PVA/MMT, PUPVP/MMT, and PU-PEI/MMT, respectively. The three characteristic DTGA peaks
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shown by

PU-Neat occur closely packed over a range of 260-450 °C with a maximum mass loss rate of
31.01%/min. This rapid mass loss coupled with the closely packed degradation steps show that the
untreated PU foam readily degraded and oxidized. Treatment with the PVA/MMT nanocoating
formed a composite resulted in a mass loss step that occurs between the first and second peaks that
are seen in PU-Neat. This peak is 2.7% less than the first pMLR observed in PU-Neat. The
reduction and off set of this step shifts the competing degradation reactions towards the formation
of char, which then results in a second MLR peak that corresponds to the oxidation of that char.
This char oxidation peak has a pMLR that is 39.8% higher than that of the neat PU because the
treated foams form more char. This increased pMLR corresponding to the oxidation of the formed
char is present for samples PU-PVP/MMT and PU-PEI/MMT with a 98.9% and 104.9% increase,
respectively. Nanocoatings PVP/MMT and PEI/MMT affect the first regime of degradation by
reducing the pMLR by 21.9% for PVP/MMT and 20.5% for PEI/MMT. PVP/MMT while reducing
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the MLR maintains the two overlapping MLR peaks present in the neat foam while PEI/MMT
completely melds these peaks together.

B

A

Figure 22 TGA(A) and DTGA(B) thermograms of the neat and coated polyurethane foams.

3.3.3 Flame Testing
The flame testing of the PET films presented in Figure 23 show that for PET films the
PVA/MMT nanocoating provides the best flame retardant performance. Sample PET-PVA/MMT
displays greatly improved char formation, reduced flame spread, and reduced film deformation.
PVP/MMT treated films maintain the deformation observed in the neat PET films but eliminates
all dripping behavior and shows improved char formation as shown in the lining edges of the
sample. PET-PEI/MMT shows less deformation than both the neat film and the PVP/MMT coated
film in addition to the improved char formation.
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Figure 23 Images of the neat and coated PET films after VFT.
VFT conducted on the uncoated cotton fabrics shows that the neat cotton burned
aggressively and quickly in a manner that formed a light char that is readily oxidized. The flame
front spread across the whole sample and was followed by an intense period of afterglow wherein
the residual solids were oxidized. The application of PVA/MMT, PVP/MMT, and PEI/MMT
nanocoatings all encouraged the carbonization of cotton substrates as evident in Figure 24 by the
increased char, decreased shrinking and deformation of the substrate. The early burning of the
samples all exhibited flame spread across the entire sample within 5 s of exposure. Cott-Neat at
this time already began to shrink and deform, while all coated samples maintained their gross
shapes. Cott-PVA-MMT displayed an extended after flame time but no after-glowing. Cott-PVPMMT displayed an even further reduced after-flame and Cott-PEI/MMT displayed no after-flame
at all.
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Figure 24 Images of the neat and coated cotton fabrics during and after VBT.
PU-Neat readily combusted and formed a highly flammable oily liquid that dripped and
left behind almost no char as shown in Figure 25. The burning characteristics of the neat PU foams
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were aggressive with a long after-flame with no after-glow due to the lack of char formation. PUNeat burnt for 35.6 s with an after-flame time of 24.4 s Samples treated with any of the
nanocoatings inhibited the dripping and increased formation of residual char and did not exhibit
any afterglow. PU-PVA/MMT, PU-PVP/MMT, and PU-PEI/MMT exhibited increased total burn
times of 50.8, 46.8, and 39.9, respectively. Sample PU-PVA/MMT and PU-PVP/MMT burnt in
similar manners where the flame front spread across the entire sample and then burnt in a “candle”
like fashion until the fuel source was depleted. This behavior is the result of the overlapping of the
flame spread rate and burning time. The PEI/MMT coating slowed the flame spread rate much
more effectively than the other nanocoatings.

59

Figure 25 Images of neat and coated polyurethane foams during and after burn testing.
3.3.4 SEM
The SEM images of the samples were taken before and after VFT to inspect nanocoating
quality and the structure of any formed char. Figure 26 shows that the surface of PET is well
coated by all coating compositions. PET-Neat drips during burning, as such its char displays a very
smooth surface resultant of the flowing molten polymer cooling into a charred bead. PETPVA/MMT after VFT does not drip or deform much and displays a relatively smooth surface that
shows some fracturing. The brittle sheet like char left behind has a surface covered with fine
particulates and this in conjunction with the fracturing confirms the presence of a templated char
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layer. The cross-sectional image of PET-PVA/MMT reveals the presence of several layers formed
as a result of the coatings nanostructure. PET-PVP/MMT forms a wrinkled char layer that also
displays fractured facets. The cross-sectional image of PET-PVP/MMT also reveals the presence
of a layered structure to its char layer, however the layers observed here appear to be the product
of much smaller sheet like structures. This is proposed to be a result of minimal hydrogen bonding
between the PVP and the nanosheets during burning. PET-PEI/MMT coated films develop a char
that forms wrinkles with a far larger wavelength than those observed in PET-PVP/MMT. The
cross-sectional image of PET-PEI/MMT reveals the presence of a layered structure despite the
lack of initial organization observed in XRD experiments. It is theorized that in bulk nanocoatings
undergo combustion that the nanofillers will migrate to the surface to form an inorganic layer. The
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formation of this layered structure in PEI/MMT nanocoatings is a strong indication that this
mechanism occurs here.

Figure 26 SEM images of the neat and coated PET films before and after VBT.
The nanocoatings applied to cotton fabrics all show smooth surfaces that cover the
individual fabric filaments as shown in Figure 27. Neat cotton fabrics after VBT form sparse char
that retains almost none of the structure of fabrics weave pattern. After application of nanocoatings,
all samples show increased char formation, evident by the retention of the fabrics weave patterns.
Cott-PVA/MMT samples show more breakage in filaments in comparison to Cott-PVP/MMT and
Cott-PEI/MMT. This agrees with the results observed during the VFT where Cott-PVA/MMT split
during burning while the fabrics treated with PVP or PEI did not. The cross-sectional images show
the formation of a layered char that appears in angular shapes for all coatings. Cott-PVA/MMT
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and Cott-PVP/MMT cross-sections show the remains of the char layer but no visual residue of the
char from the cellulose filament it sheathed. For sample Cott-PEI/MMT, a thick residue inside the
layered char suggests that the filament did not volatilize completely but instead carbonized in
accordance with observations in both TGA and MCC testing.

Figure 27 SEM images of the neat and coated cotton fabrics before and after VFT.
The coating quality observed on the surface of the PU foams presented in Figure 28 again
shows that all nanocoatings form uniform thin films that completely cover the substrate surface.
After VFT PU-Neat melted losing all foam like structure and formed a highly flammable liquid
that left behind very little char. The foams coated with nanocoatings all show significant
improvement in char formation with retention of the cellular structure of the foam. High
magnification images of the char show a scaled blistered appearance. The considerable similarities
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between the observed chars indicate that the char’s ability to maintain shape is far more dependent
on the inorganic nanosheets than any contribution the polymer could make.

Figure 28 SEM images of the neat and coated PU Foams before and after VFT.

3.3.5 MCC
MCC analysis probes the energy release profile of materials over a temperature sweep
providing a qualitative assessment of flammability. In method A, samples are heated in an inert
atmosphere (N2) to assess the energy potential of evolving gases, while method B is conducted in
an O2 containing atmosphere to assess the effects of oxidation of both solids and evolving gases
which are present during combustion. Plots of the HRR(W/g) vs Time (s) for the PET films
conducted according to methods A and B are shown in Figure 29. In method A the onset of
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decomposition of PET-Neat occurred at 440 °C and peaked at 468.2 °C with a peak heat release
rate (pHRR) of 398.4 W/g, resulting in a fire growth capacity (FGC) index of 339.8. The treated
samples displayed reductions in pHRR of 30.6%, 13.1%, and 33.2% along with reductions in THR
of 27.1%, 13.5%, and 16.5% for PET-PVA/MMT, PET-PVP/MMT, and PET-PEI/MMT,
respectively. PET-PEI/MMT produced the lowest FGC index of 234.9 followed by PETPVA/MMT (255.0), and PET-PVP/MMT showed the least improvement with an index of 317.3.
When tested according to method B PET-Neat had a Tign at 416 °C, HRC of 324 J/g∙K,
THR of 21.7 KJ/g, and two pHRR occurring at 456 and 604 °C. The first pHRR of PET-Neat has
a value of 326 W/g and corresponds to the direct evolution of combustible gases and early
oxidation of the depolymerized short chain oligomers. The second pHRR has a value of 89.3 W/g
and corresponds to the oxidation of carbonaceous chars. Method B analysis of PET-Neat
culminated in an FGC index of 167.1. Coating of PET by PVA/MMT, PVP/MMT, and PEI/MMT
reduced the FGC index of PET by 25.0%, 6.6%, and 30.9%, respectively. PVA/MMT and
PVP/MMT nanocoatings reduced the first pHRR by 3.3% and 5.5%, respectively, while PEI/MMT
nanocoating reduced the first pHRR by 18.7%. The reduction in this peak is the result of the
nitrogen content in the polymer chains. Increased nitrogen content of the polymers is associated
with increased production of non-combustable gases. These gases displaced oxygen and diluted
the evolving combustible retarding the thermal feedback loop. The second pHRR was reduced by
11.1%, 10.0%, and 11.0% for PVA/MMT, PVP/MMT, and PEI/MMT, respectively.
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Figure 29 MCC plots of the neat and coated PET films using method A (left) and method B (right).
Table 4 MCC results of the neat and coated PET films according to method A and method B
Sample Name Method
PET-Neat
PET-PVA/MMT
PET-PVP/MMT
PET-PEI/MMT

A

PET-Neat
PET-PVA/MMT
PET-PVP/MMT
PET-PEI/MMT

B

Tonset
(°C)
439.8
428.6
436.7
410.6
416.4

FGC

HRC
(J/g-K)

pHRR
(W/g)

THR
(KJ/g)

339.8
175.9
317.6
234.9
167.1

402
273
341
263
324

16.7
12.2
14.4
14.0
21.7

421.3

177.6

312

419.1

177.6

311

395.5

162.8

262

398.4
276.4
346.1
266.2
326.0
94.74
315.2
84.27
308.2
52.7
84.8
265
83.9

21.4
21.8

22

Tp
(°C)
468
458
468
459
456
604
457
567
452
560
590
450
582

Examination of the combustibility of the neat and coated woven cotton fabrics is presented
in Figure 30. Cott-Neat onset temperature occurs at 320 °C with a HRC of 178 J/g∙K, THR of 9.7
KJ/g and a pHRR of 180.3 W/g that occurs at 374.1 °C. Cott-PVA/MMT exhibits increases in
HRC, pHRR, and THR of 23.0%, 23.0%, and 13.2%, respectively. Cott-PVP/MMT displays a
10.7% increase in HRC, 11.8% increase in THR, and a 10.1% increase in pHRR. Cott-PEI/MMT
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showed exceptional performance, being the only cotton sample either here or discussed in Chapter
2 to display reductions in HRC (59.0%), THR (32.6%), and pHRR (59.1%) in method A.
Method B analysis of the cotton fabrics shows Cott-Neat to have an FGC index of 153.1.
Cott-Neat displays two distinct pHRR occurring at 355 °C (279.0 W/g) and 457 °C (285.5 W/g).
Its THR, HRC and Tign are 15.4 KJ/g, 282 J/g∙K, and 312 °C, respectively. Cott-PVA/MMT
displays reductions in the first and second pHRR of 18.4% and 81.0%, respectively. Reductions
of 4.1% in THR and 20.2% in HRC result in a 21.4% reduction in the FGC index. Cott-PVP/MMT
reduces the first and second pHRR by 43.9% and 72.6%, respectively, with reductions of 5.2% in
THR and 45.0% in HRC. Cott-PEI/MMT displays 2.6% and 73.4% reductions in THR and HRC,
respectively, while reducing the first and second pHRR by 83.8% and 73.5%, respectively.
In samples Cott-PVA/MMT and Cott-PVP/MMT, similar trends were observed where the
nanocoatings sheathing the filaments provided some barrier properties that delayed the pHRR but
ultimately did not decrease it. The additional reduction observed by sample Cott-PVP/MMT is
probably the result of PVP’s additional thermal stability and one of its degradation products being
inert N2. The production of N2 coupled with the absorbance of PVP onto the surface of MMT
nanosheets increased carbonization, yielding a denser char layer that could further hinder the heat
flux and diffusion of gases into or from the sample.37–40 Cott-PEI/MMT improvements are the
result of the same underlying principles of N2 production and barrier formation, but more so due
to the higher initial nitrogen content of the polymer binder. The branched PEI has a far larger molar
concentration of N compared to that of PVP and as such will release far more inert gas. The
branching of PEI increases the presence of hydrogen bonds between amines on the polymer chains
and hydroxyl groups on the nanosheets. The increased interaction between polymer and nanosheets
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increased the required energy to depolymerize and volatize, potentially shifting the system further
toward carbonization.41

Figure 30 MCC plots of the neat and coated cotton fabrics according to method A (left) and
method B (right).
Table 5 MCC results of the neat and coated cotton fabrics according to method A and method B
Sample Name Method
Cott-Neat
Cott -PVA/MMT
Cott -PVP/MMT
Cott -PEI/MMT

A

Cott -Neat
Cott -PVA/MMT
Cott -PVP/MMT
Cott -PEI/MMT

B

Tonset
(°C)
320.4
348.3
346.2
305.7
312.2

FGC

HRC
(J/g-K)

pHRR
(W/g)

THR
(KJ/g)

157.5
123.1
120.4
64.9
153.1

178
219
197
73
282

9.7
10.9
10.8
6.5
15.4

318.9

120.4

225

334.2

115

155

309.7

106.7

75

180.3
221.8
198.5
73.7
279
285.5
227.6
54.3
156.5
78.2
45.2
75.6

14.8
14.6
15.0

Tp
(°C)
374
390
384
356.8
355
457
368
498
366
503
332
498

Method A MCC analysis of the PU samples is reported in Figure 31. The onset of
combustion of PU-Neat occurs at 215.3 °C followed by its two pHRRs of 112.4 and 440.0 W/g
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that occur at 233.6 and 412.1 °C, respectively. PU-PVA/MMT shows reduction in THR and HRC
of 23.4% and 3.6%, respectively. PVA/MMT nanocoating decreased the first and second pHRRs
by 42.6% and 44.2%, respectively. The first pHHR of PU-Neat displays a primary peak followed
by a shoulder. PVP/MMT nanocoating helps reduce the THR by 7.7%, the HRC by 6.0%, and the
first and second pHRRs by 17.6% and 5.9%, respectively. PEI/MMT helps reduce the HRC by
6.2% and the THR by 16.3% while reducing the first and second pHRRs by 9.0% and 6.1%,
respectively.
Method B analysis of the PU foams displays two distinct HRR steps that results in peak
values of 160.9 and 247.5 W/g. PU-Neat has a THR of 27.3 KJ/g, HRC of 226 J/g∙K, and an FGC
index of 273.3. PU-Neat does not display an oxidative pHRR as other materials have because of
its rapid depolymerization and volatilization. All treated foam samples show an overlapping of the
first two pHRR that are characteristic of the untreated PU. As such the pHRR of the treated foams
are compared to the second pHRR of PU-Neat. PU-PVA/MMT displays reductions in THR of
20% and FGC index of 31.8% and increase in HRC of 19.5%. The composite pHRR had a 19%
increase in comparison to the second pHRR of PU-neat and an oxidative pHRR of 16.9 W/g. PUPVP/MMT displays a 45% increase in its first pHRR and two oxidative pHRRs of 21.5 and 15.5
W/g. The THR is reduced by 8%, HRC increased by 46%, and the FGC index was 23.7% lower
than that of PU-Neat. PU-PEI/MMT is the only sample to display a reduction in the composite
pHRR (19%). This sample also displays a single oxidative pHRR of 18.4 W/g, a 16% reduction in
THR, a 24.4% reduction in HRC, and a 32.3% reduction in FGC.
The presence of the nanocoating is sufficient to delay the first pHRR by virtue of the
enhanced char formation providing resistance to heat flux and the evolved gases. It is apparent that
the evolution of combustible gases occurs in two steps. First is the release of the trapped blowing
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agent as the polymer melts and the second is the volatilization of the polyurethane itself.36
PVA/MMT coatings are the most effective in hindering these gases due to its well organized
structure.

Figure 31 MCC plots of the neat and coated PU foams according to method A (left) and method
B (right).
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Table 6 MCC results of the neat and coated PU foams according to method A and method B
Tonset
(°C)
215.3

FGC

HRC
(J/g-K)

pHRR
(W/g)

THR
(KJ/g)

264.2

436

27.1

241.3

204.3

246

346.2

120.4

197

112.4
440.4
64.5
245.8
198.5

PU -PEI/MMT

305.7

64.9

73

6.5

PU -Neat

233.7

273.3

226

PU -PVA/MMT

233.2

186.3

270

224.8

208.6

330

230.4

184.9

180

73.7
413.4
160.9
247.5
294.3
16.9
145.8
357.7
148.8
199.4

Sample Name Method
PU-Neat
PU -PVA/MMT
A
PU -PVP/MMT

PU -PVP/MMT

B

PU -PEI/MMT

20.7
10.8

27.3
22.0
25.1
23.0

Tp
(°C)
234
412
259
394
384
357
413
263
355
312
459
237
308
262
304

PVA/MMT improvements in FR performance is derived from its highly ordered
nanostructure that forms a robust thermal and gas barrier. PVP/MMT nanocoatings organization
and chemical functionality improved performance in both early and late pHRR steps. PEI/MMT
performance is attributed to its high nitrogen content, strong interaction with MMT nanosheets.
The chemical functionality of the polymer imparts vapor phase FR through the release of inert
gases and char formation. While individually methods A and B reveal different aspects of FR
behavior of applied nanocoatings. Both method A and method B are required to fully grasp the
full FR performance.
3.4 Conclusions
Nanocoatings consisting of either PVA, PVP, or PEI and MMT nanosheets were prepared
and applied to PET films, cotton fabrics, and PU foams via dip-coating. PVA/MMT nanocoatings
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had the most well-organized nanostructure without chemical FR functionality but showed the best
performance in burn testing when applied to PET films. PEI/MMT nanocoatings lacked the welldefined nanostructures observed from PVA/MMT and PVP/MMT nanocoatings, but the presence
of MMT in conjunction with the gas phase FR activity contributed by PEI provided drastic
improvements on PU Foams and Cotton fabrics. PVP/MMT nanocoatings contained a lower
degree of an organized nanostructure, were likely to have weaker interactions with the nanosheets,
and had a lesser degree of chemical functionality of PEI. These PEI based nanocoatings imparted
moderate improvements when applied to any substrate. As research is continued on developing
halogen free FR coatings, it is becoming more obvious that a single FR solution as universal as
bromine will require much more research. While the process of imparting flame retardancy via
surface coating it does not alleviate the need to match appropriate FR mechanisms with the primary
degradation mechanism of the substrate.
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Chapter 4: Polyvinyl alcohol/Montmorillonite Flame Retardant Nanocoatings for
Polybutylene Terephthalate Sheets

4.1 Introduction
Polymeric materials are a staple of our daily lives. These materials possess a wide range of
mechanical and chemical properties that make them suitable for a wide range of applications.
Semi-crystalline polyesters such as poly (butylene terephthalate) (PBT) are widely used in
electrical housing and other engineering applications.1 PBT is highly vulnerable to thermooxidative degradation forming benzoic acid, anhydrides, aromatic and aliphatic acids, and alcohols
at elevated temperatures.2 To improve mechanical properties and increase thermal stability PBT is
commonly found reinforced with glass fibers.2–4 Matrix reinforcement using glass fibers produces
a “candle wick” effect during combustion, resulting in more aggressive burning.4,5
Halogenated flame retardants have had great success in reducing the flammability of PBT
and many other polymeric materials.6,7 However, their link to adverse health effects and
environmental concerns have significantly restricted their use.8–11Phosphorus based additives are
considered good alternatives to halogenated ones when physically mixed with polyesters.12–17
Inorganic nanofillers such as metal oxides and nanoclay have been used to increase the thermal
stability and flame retardant (FR) properties of PBT as well.18–23 But both phosphorus-based
additives and inorganic fillers require high loading fractions that adversely affect the properties of
the resultant filled polymers. The use of surface treatments is a very attractive means of improving
or imparting flame retardant properties of polymeric materials. The application of biomimetic
nacre structured coatings has been shown to greatly increase gas barrier, mechanical performance,
and flame retardant properties.24–28
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In Chapters 2 and 3, the application of a PVA/MMT nanocoating to PET films imparted
flame retardant qualities. Considering the PET film is rather thin (ca. 24 µm), it is somewhat
expected that the PVA/MMT nanocoating containing a high concentration of well-aligned
inorganic MMT nanosheets with a high gas barrier can lead to significantly improved flame
retardancy. The key FR mechanisms were identified to be templated char formation and increased
oxidation resistance. The primary objective of this work is to investigate the effectiveness of thin
PVA/MMT nanocoating at imparting flame retardancy to polyester sheets of considerable
thickness.

4.2. Experimental Section
4.2.1 Materials
PBT sheets (0.8 mm and 1.0 mm in thickness, reinforced with 30 wt. % glass fibers) were
acquired from Kingfa Science and Technology, Inc. Sodium montmorillonite (MMT, PGN
nanoclay) was received from Minerals Technologies Inc. (New York, USA). PVA 8-88 was
provided by Kuraray America Inc. (Houston, TX). All reagents were used as received without any
further purification.
4.2.2 Preparation of PVA/MMT dispersions
A certain amount of MMT powder was dispersed in DI water to form a 2 wt.% stock solution. A
10 wt.% stock solution of PVA was created by dissolving PVA powder in DI water with the
assistance of heating at 80 °C until completely dissolved. A dispersion with a solid content of 1.5
wt.% and a 50:50 ratio MMT:PVA was created by combining MMT stock solution with the
appropriate amount of DI water and sonicating for 1 h. Following sonication, a pre-determined
amount of PVA, PVP, or PEI stock solution was added to the exfoliated clay and water suspension
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while under vigorous stirring and allowed to stir for an additional hour. After stirring, the
dispersions were returned to the sonication bath for 1 h to ensure a uniform dispersion.

4.2.3 Preparation of nanocomposite coatings
The PBT sheets were washed first in deionized water then ethanol. After washing, the
samples were hung vertically and allowed to dry for 30 minutes at 60 °C. Following the washing
step the samples were treated using a model BD-20A high frequency corona treater (ElectroTechnic Products Inc., Chicago, IL) . The corona treated PBT sheets were submerged in the
PVA/MMT dispersion, then hung vertically in an oven and allowed to dry for 45 minutes at 60 °C
. Sheets are rotated 180° between each coating cycle until desired number of cycle had been
reached. Dip coating was repeated for 2 (PBT-PVA/MMT-2) and 4 (PBT-PVA/MMT-4) coating
cycles. All samples acclimated to room humidity for 12h before testing.
4.2.4 Characterization
X-ray diffraction (XRD) patterns were recorded on a Burker D2 diffractometer with Cu Kα
radiation (λ= 1.5406 Å), and Bragg-Brentano Θ-2Θ. Scanning electron microscopy was conducted
to investigate the coating quality and the structure of residual chars. SEM images were obtained
using a FEI Nova Nano SEM 450 microscope. Thermal stability analysis was performed on a
thermogravimetric analyzer (TGA), TA Instruments Model Q500 under air atmosphere. Gas flow
rate was 60 mL/min over a temperature range from 50-750 ℃ at a heating rate of 20℃/ min.
Vertical burning tests were carried out in a flame cabinet according to procedures modeled after
those outlined in UL-94. Images and video of burn testing were captured using a Samsung galaxy
s8+.Micro-combustion calorimetry was performed on a Govmark model MCC-3. Testing was
carried out according to ASTM D7309 method A and method B with a heating rate of 1 ℃/s.
Samples are compared using a flammability index called “Fire Growth Capacity (FGC)”. The FGC
79

index in the sum of the Heat release capacity and ignition capacity shown in eq 1. Where Q∞ is the
total heat release THR. T1 is the ignition temperature defined as the temperature at which 5% of
the THR is achieved. T2 is the burnout temperature and are defined as the temperature at which
95% of the THR is achieved. T0 is a standard temperature taken to be 25 °C. The FGC index is a
better cumulative metric to compare different materials. The lower the index the more flame
retardant material is. In general, the lower the index the more flame retardant a material is. The
data presented and discussed in this chapter is representative of a minimum of 3 burn test, two
TGA test, and two MCC analysis.
𝐹𝐺𝐶 = (

𝑄∞
𝑇2 − 𝑇0
)(
)
𝑇2 − 𝑇1 𝑇1 − 𝑇0

4.3 Results and Discussion
4.3.1 XRD

Figure 32 XRD patterns of coated and uncoated PBT samples.
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Eq. 2

XRD characterization shows the formation of a layered structure and successful deposition
of nanocoating onto the PBT sheet surface. As shown in Figure 32, the uncoated PBT displays no
peaks in the 2θ range of 1.5 to 12°. MMT powders display a characteristic 001 peak of 9.9 Å
corresponding to the interlayer distance of the MMT layered structure. PBT-PVA/MMT-2 and
PBT-PVA/MMT-4 exhibit strong basal diffraction corresponding to an interlayer spacing of 28.2
Å and 28.9 Å, respectively, with PBT-PVA/MMT-4 displaying a more intense diffraction peak.
Both coated samples display a narrow peak indicating that the MMT nanosheets were aligned
highly ordered during the coating process.
4.3.2 TGA
TGA was used to characterize the thermal stability of the PBT sheets before and after
coating. At ca. 425 °C, PBT-Neat was completely degraded and only the glass fibers remained as
the ca. 30% residual mass. The DTGA curve shows mass loss steps in which the sample loss 67.8%
and 3.3% respectively of its mass, with peak mass loss rates (pMLR) of 35.0 %/min and 1.3 %/min.
PBT-PVA/MMT-2 reduced mass loss over steps by 5.0% and its pMLR by 3.9%. The mass loss
and pMLR over the second step were reduced by 8.7% and 6.7%, respectively, resulting in a 10%
increase in residual mass. PBT-PVA/MMT-4 displayed reductions of 12.4% and 11.4% in ML and
pMLR over the first step, and reductions of 2.6% and 8.8% over the second. PBT-PVA/MMT-4
retained 27.5% more mass than PBT-Neat.
The residual mass increases, reductions in ML, and reduction in pMLR improve in
conjunction with increasing coating cycles. The presence of the PVA/MMT nonocoating improves
char formation, inhibits dripping, and increases the substrates resistance to deformation through
the formation of a templating char layer.
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Figure 33 TGA thermograms of the neat and coated PBT samples.
4.3.3 VBT
Figure 34 shows neat and coated PBT samples after vertical burn testing. During VBT, the
uncoated PBT sheet ignited readily and shortly after began to form flaming drips. The flaming
polymer pooled underneath the sample and continued burning for several minutes leaving behind
a char consisting mostly of glass fiber. PBT-PVA/MMT-2 also burnt aggressively and showed a
drastic amount of deformation. The formation of early flaming drips was inhibited, but due to
excessive deformation the upper half of the sample fell away into a flaming pile that extinguished
in several seconds. Eventually, the flame front on the samples remaining in the frame extinguished
after being starved of fuel and adequate heat. Sample PBT-PVA/MMT-4 ignites in a similar
fashion as the other PBT samples, but completely suppressed dripping in addition to drastically
reducing the deformation of the sample.
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Figure 34 Digital images of the uncoated and coated 1.5 mm PBT sheets after VBT. Sample
dimensions are 8.3 cm x 10 cm
As the nanocoatings are very thin (ca. 400 and 800 nm for PBT-PVA/MMT-2 and PBTPVA/MMT-4, respectively)29, it was initially expected that such nanocoatings only work well on
very thin objects such as thin films (e.g., 25 µm), but not on relatively thick parts such as polymer
sheets. The reason that the nanocoatings worked surprisingly well on such PBT sheets (0.8 mm
and 1.0mm) its primary mechanism of action as, templating the formation of char. Upon
combustion, the nanocoating formed an initial layer of char that performs as thermal and gas
barriers. While such a thin char layer itself is not sufficient to prevent the combustion of the PBT
sheet, it effectively templated and promoted the charring of the substrate. The formation of these
two chars (nanocoating char, and underlying initial PBT char), subsequently further template and
promoted the char formation further below them. Eventually, the progressive char formation led
to a more flame retardant sheet. At 2 coating cycles the nanocoating was not thick enough to resist
the melting and deformation of the PBT. At this thickness the deformation due to melting polymer
exposed additional neat polymer that readily combusts. After 4 coating cycles, the sample was able
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to effectively resist the deformation of the underlying polymer, allowing its char to preventing
deformation before burnout.
4.3.4 SEM

Figure 35 SEM images of the uncoated PBT (A) and PBT-PVA/MMT-4 (B) before VBT along with
low(top) and high(bottom) magnification of char after VBT.
As presented in Figure 35, the uncoated PBT sheet had a rough surface, but after 4 cycles
of coating the surface roughness was significantly reduced, as shown in Figure 35B. During VBT,
the uncoated PBT dripped dramatically and the deposited char mainly consisted of glass fibers.
After only 2 coating layers the sample no longer dripped, and the evolution of a char layer began
as evident by the lack of apparent glass fibers. After VBT, the glass fibers were covered by a
granular char layer as observed in the high magnification SEM image. PBT-PVA/MMT-4
produced a denser char layer, which exhibits as larger platelet like char particles under high
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magnification. This structure serves as a better thermal insulator and gas barrier than the granular
particles formed after 2 coating cycles, resulting in the significant FR improvement observed in
VBT.
4.3.5 MCC
Quantitative analysis of the flammability of the PBT samples were conducted using MCC
according to both ASTM D7309 methods A and B. When tested via method A, the uncoated PBT
onset combustion at 408 °C with a pHRR of 373.3 W/g at 437.3 °C. The THR and HRC for the
uncoated PBT were calculated as 14.6 KJ/g and 374 J/g·K, respectively, resulting in an FGC index
of 337. In method A PBT-PVA/MMT-2 showed a minor reduction in pHRR (4.2%), a 3.7%
reduction in HRC, and no change in THR, resulting in a 7.0% reduction in FGC. PBT-PVA/MMT4 displayed a 2.1% reduction in pHRR and HRC, while the THR was unaffected, culminating in a
5.5% reduction in the FGC index. The observed trend in pHRR from method A experiments is
thought to be the result of the nanocoatings char acting a gas and thermal barrier. The observed
increase in pHRR of PBT-PVA/MMT-4 is attributed to the increased PVA content as the
nanocoating thickness increases.
-

Figure 36 HRR thermograms of the neat and coated PBT acquired via method A (left) and method
B (right).
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When tested in accordance with method B, the uncoated PBT began degradation at 398 °C
and displayed two pHRR rates of 411.3 W/g (at 436 °C) and 38.8 W/g (at 487 °C). The THR and
HRC of the uncoated PBT were calculated to be 17.149 KJ/g and 406 J/g·K, respectively, resulting
in an FGC of 240. PBT-PVA-2 showed a 3.1% increase in THR, 3.0% increase in HRC, 3.0%
increase in the first pHRR, and a 35% decrease in the second pHRR, resulting in an FGC index of
236, a 1.5% decrease compared to that of the uncoated PBT. PBT-PVA/MMT-4 displayed an 8.3%
decrease in its FGC resulting from 7.4% increase in THR, 5.7% increase in HRC, 5.6% increase
in the first pHRR, and a 37.8% reduction in the second pHRR. The increase in the first pHRR is
attributed to the increased PVA content as apparent in the 2% further increase from 2 to 4 coating
cycles. There was a statically significant difference between the samples as determined by a 1-way
ANOVA analysis of the FGC (F(2,6) = 10.44, p = .01). The effectiveness of the coating can most
apparently be observed in the shifting and reduction of the second pHRR, where PBT-PVA/MMT2 reduced the pHRR it still occurred at approximately the same temperature as the uncoated PBT,
while PBT-PVA/MMT-4 displayed a 10.4% increase in the temperature at which the second pHRR
occurred. This delay is believed to be the result of a thicker char layer which serves as a more
efficient thermal barrier and increasing charring of the PBT substrate.
4.4 Conclusion
PBT sheets with a thickness of 0.8 mm and 1.5 mm were coated with a PVA/MMT
nanocoating for 2 and 4 coating cycles. The well-ordered structure generated by the surface
induced alignment enhanced the char formation capabilities of PBT sheets the flame retardant
properties of the samples were evaluated using VBT and MCC testing. Both TGA and MCC test
the results imply marginal improvements in the thermal stability and heat release behavior, while
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in the VBT we observed significant improvements. As samples are prepared for testing, they are
cut from a coated coupon. leaving a sample with a coated top and bottom surface, and significant
area of untreated polymer exposed along the cut edges. The degradation of untreated surfaces
competes with the degradation of coated surfaces limiting the ability to observe the thin coatings
in these characterizations. Samples displayed drastic improvement at 4 coating cycles by inhibiting
flaming drips and resisting deformation during burning. The application of PVA/MMT
nanostructured thin films are a feasible means to impart flame retardancy on substrates of
considerable thickness up to at least 1.5 mm.
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Chapter 5: Highly efficient Poly (vinyl alcohol)/ Montmorillonite Flame Retardant
Nanocoating for Corrugated Cardboard
5.1 Introduction
Corrugated cardboard (CB) is a highly used material in storage and shipping applications
in particular because of its strength, low expense, and high recyclability potential. CB is made
primarily of softwood pulp fibers whose composition is roughly 55% cellulose, 26% lignin, and
11% hemicellulose.1,2 In 2017, 423.3 million metric tons of CB and paper were consumed.
Cardboard is a cellulosic material, and much like most other materials of its kind, it is highly
flammable. Its abundant use in storage and shipping represents a sizeable potential fuel load in
warehouses and while in transit by land or air. Research efforts have been made in the flame
retardancy of other cellulosic materials like cotton3–7, but little has been directed toward CB. Over
the last decade, there have been several studies aimed at modeling the thermal decomposition and
burning of CB.8–10 From these studies it has been determined that oxidation of solid char plays a
major role in the combustion of CB.
Many approaches have been taken to impart flame retardancy to cellulosic materials.
Chemical additives of nitrogen11,12 and phosphorus13–15 compounds as well as applying
organic/inorganic composite coatings16–20 have all been found to increase flame retardancy of
cellulosic materials to varying degrees but are limited either by environmental concerns or by high
loading fractions (>20%).15,21
The composition and structure of CB make it a prime candidate for the emerging
technology of organic/inorganic nanocoatings, which have been shown to be highly effective at
increasing barrier properties, thermal stability, and flame retardancy of a large breath of
substrates22. As shown in Figure 37, CB is a laminate material that consist of a fluted medium
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sandwiched between two liner boards. Both the fluted medium and linerboard are composed of a
“paper-like” matted cellulose. The susceptibility of these materials to water makes traditional dipcoating method cumbersome to use without destroying the structure and integrity of the CB. Spray
coating is an alternative method for the formation of thin films due to its compatibility with
substrates of any size and geometry. Flame retardant (FR) systems have been applied using spray
coating to cotton fabrics18,23 with recorded success. Herein we propose the application of a onestep coassembled polyvinyl alcohol (PVA)/montmorillonite (MMT) nanocoating to double walled
corrugated cardboard via spray coating.
Results in Chapters 2, 3, and 4 imply that PVA/MMT nanocoatings impart flame
retardancy via templated and promoted char formation and this mechanism works best on
relatively smooth and continuous surfaces. The objective of this work is to investigate the
improvements in FR performance that arise from the application of a PVA/MMT nanocoating and
related mechanisms.

Figure 37 Schematic of the cross section of double walled cardboard

5.2 Experimental
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5.2.1 Materials
Double walled CB (6.35 mm in thickness) was acquired from the President Container
Group (Middletown, NY). Sodium montmorillonite (MMT, PGN nanoclay) was received from
Minerals Technologies Inc. (New York, NY). Polyvinyl alcohol (PVA 8-88) was provided by
Kuraray America Inc. (Houston, TX). Glutaraldehyde (GA) (50% aqueous solution, Aldrich), HCl
(37%, Aldrich) were used as received without further purification.
5.2.2 Preparation of PVA/MMT dispersion
A pre-determined amount of MMT was dispersed in DI water to form a 2.0 wt. % stock
solution. A 10.0 wt. % stock solution of PVA was prepared by dissolving PVA powder in water
with the assistance of heating at 80 °C. A dispersion with a solid content (PVA + MMT) of 1.5 wt.
% was generated by combining a pre-determined amount of MMT stock solution with an
appropriate amount of DI water and MMT dispersion under vigorous stirring, followed by
ultrasonication for 1 h to ensure a uniform dispersion. Immediately before coating, a HCl catalyzed
solution of GA was added in a molar ratio of 1:20 (GA:PVA-OH groups) for the crosslinking
reaction.
5.2.3 Coating Process
CB samples were trimmed into coupons with dimension of 8 cm × 18 cm, whose surfaces
were cleaned using dry compressed air. The CB coupons were dried in an oven at 80 °C for 30
min before recording their masses and coating. The CB samples were spray coated with a total
solution volume of 10 mL divided evenly between both sample faces using a master high precision
G444 spray gun equipped with a 0.3 mm fluid tip. After coating, the samples were dried in an oven
at 80 °C for 1 h to ensure that the crosslinking reaction between PVA and GA reached completion.
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The coated samples were acclimated to ambient conditions (ca. 25 °C and 50% RH) for 12 h before
testing. The weight uptake was approximately 5%.
5.2.3 Characterization
X-ray diffraction (XRD) patterns were recorded on a Burker D2 diffractometer with Cu Kα
radiation (λ= 1.5406 Å), and Bragg-Brentano Θ-2Θ. Scanning electron microscopy was conducted
to investigate the coating quality and the structure of residual chars. SEM images were obtained
using a FEI Nova Nano SEM 450 microscope. Thermal stability analysis was performed on a
thermogravimetric analyzer (TGA), TA Instruments Model Q500 under air atmosphere. Gas flow
rate was 60 mL/min over a temperature range from 50-750 ℃ at a heating rate of 20℃/ min.
Vertical burning tests, horizontal burning test, and surface burning were carried out in a flame
cabinet according to procedures modeled after those outlined in UL-94. Images and video of burn
testing were captured using a Samsung galaxy s8+. Micro-combustion calorimetry was performed
on a Govmark model MCC-3. Testing was carried out according to ASTM D7309 method A and
method B with a heating rate of 1 ℃/s. Method A is carried out in a nitrogen environment and
method B is conducted in air. Samples are compared using a flammability index called “Fire
Growth Capacity (FGC)”. The FGC index in the sum of the Heat release capacity and ignition
capacity shown in eq 1. Q∞ is the total heat release THR. T1 is the ignition temperature defined as
the temperature at which 5% of the THR is achieved. T2 is the burnout temperature and are defined
as the temperature at which 95% of the THR is achieved. T0 is a standard temperature taken to be
25 °C. The FGC index is a better cumulative metric to compare different materials. The lower the
index the more flame retardant material is. In general, the lower the index the more flame retardant
𝐹𝐺𝐶 = (

𝑄∞
𝑇2 − 𝑇0
)(
)
𝑇2 − 𝑇1 𝑇1 − 𝑇0
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Eq. 2

a material is. The data presented and discussed in this chapter is representative of a minimum of
3 burn test, two TGA test, and two MCC analysis.

Figure 38 Digital images of sample configurations for VBT, SBT, and HBT
5.3 Results and Discussion
5.3.1 XRD
As shown in the XRD pattern in Figure 39, untreated cardboard shows no notable
structural organization in the range of 1.5-12 degrees 2θ. the spray coated CB (CB-PVA/MMT)
showed an intense basal diffraction peak corresponding to an interlayer distance of 29.3 Å,
indicating the formation of a well-ordered layered structure. PVA chains have intercalated and
expanded the galleries of the MMT nanosheets.

95

Figure 39: XRD patterns of the neat and coated CB samples.
5.3.2 TGA
TGA thermograms of uncoated and PVA/MMT coated CB are shown in Figure 40. Both
the uncoated and coated CB samples exhibited two distinct mass loss steps. CB-Neat displays peak
mass loss rates of 1.5 %°C and 2.2 %/°C and retains 1.3% of its mass. CB-PVA/MMT retains
3.2% of its mass and displays 7% and 56% reductions in the first and second pMLRs respectively.
The first weight loss step is the degradation of cellulose directly into CO, low molecular weight
volatiles, and dehydration.24,25 The reduction in the first pMLR can be attributed to the increased
thermal and gas barrier properties provided by the nanocoating. The presence of these barriers
slowed the evolution of gases and increased resident time of the volatiles, allowing for
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decomposition pathways to proceed that results in more carbonaceous char. The second weight
loss step is the oxidation of the carbonaceous char. It is during this step that the nanocoating
provided the most benefit. Here the templated char formed by the nanocoating offered thermal
insulation and gas barrier to oxygen and the evolved gases. The oxidation of the char is heavily
related to the flame spread. As such, the improved resistance to oxidation that is imparted by the
PVA/MMT nanocoating effectively inhibits the flame spread as well. This phenomenon was
clearly observed in the flammability testing.

Figure 40 TGA and DTGA thermograms of the neat and coated CB.
5.3.3 Vertical Burn Test

Images of the samples after VBT are shown in Figure 41. The uncoated CB sample was
completely consumed. Both the front and back of the sample were ignited, resulting in quick and
aggressive burning of the sample. During the burning of the uncoated CB the outer linerboard of
the cardboard curled away and exposed the high surface area fluted medium. CB-Neat had an
afterflame time of 21s and an afterglow time of 89 s. After flaming, a light delicate black char was
left behind that glowed (oxidized) and left behind an extremely delicate gray ash. The coated CB
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resisted the spread of the flame front along the exposed surface. Both the front and back of the
sample ignited and in the area of the sample nearest the flame the sample was burned through its
entire thickness. However, it developed a thick char layer that resisted oxidation as evident by the
reduced afterglow time (77.2 s). During the VBT the untreated samples shrank and curl exposing
more unburned material while the CB-PVA/MMT resist deformation.

Figure 41 Digital photos of the neat and coated CB samples after VBT.
5.3.4 Surface Burn Test
The results of the SBT are shown in Figure 42. The uncoated CB was almost completely
consumed after the first exposure. The flame front spread across the entire width of the exposed
surface, through the sample, and reached its entire length. The sample sustained a flame for 71 s
and smolders for an additional 78 s. The coated CB had significantly less flame spread across the
width of the sample, the char length did not travel the entire height, and displayed no afterflame
or afterglow after the first exposure to the burner. After the second exposure, the sample displayed
12 s afterflame and a 47 s afterglow. The formed char layer on the coated CB was not compromised
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during the first 10 s of exposure and was only compromised where it came into direct contact with
the burner during the second exposure. When the flame was only exposed to a treated surface, the
formed char was highly resistant to flame spread and burn through.

Figure 42 Digital photos of the neat CB and coated CB after SBT.
5.3.5 Horizontal Burn Test
HBT results are shown in Figure 43, where it is seen that the uncoated sample was
completely consumed. The flame front spread across the full area of the exposed sample. The
uncoated sample has an afterflame and afterglow times of 86 and 47 s, respectively. The coated
CB again resisted flame spread and was not burnt through. It can be observed that at the bottom of
the coated CB the flame wrapped around the edge of the sample but was not able to spread further.
During the first exposure, the afterflame and afterglow times of the coated CB were 10 and 33 s,
respectively. The second exposure resulted in no ignition and no further afterflame or afterglow.
The HBT result showed a denser char layer was formed on the surface of the coated CB that served
to inhibit the flame spread both across the surface and inside the fluted layers.
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Figure 43 Digital photos of the neat CB and coated CB after horizontal burn testing.
5.3.6 SEM
SEM images were captured on the surface of the CB after spray coating as well as after VBT burn
testing. The image of the neat CB reveals the rough surface that is a product of fibrous mat
construction. After spray coating, the CB’s surface appears more uniform and less rough. The
nanocoating can be clearly observed in Figure 44 covering all voids in the CB surface. The char
produced after burning untreated cardboard shows some shapes resembling cellulose fibers but
majority forms into granular particles. Observing the cross-section of CB-Neat we see the
formation of these granular particles through the entire thickness of the sample. After VBT CBPVA/MMT displayed pronounced bubbling on its surface. The cross-section of CB-PVA/MMT
reveals the formation of a solid continuous char layer on its surface with no granular particles
throughout its thickness. The bubbling observed in CB-PVA/MMT resulted from the degradation
of the nanocoating during combustion templating the formation of a dense char layer. This char
layer has low permeability to both oxygen and evolved pyrolytic gases from the substrate. The
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high barrier to the evolved gases built up under the char layer until bubbles were formed. The char
layer also served as a thermal barrier lowering the heat flux to the substrate.

Figure 44 SEM images of untreated cardboard, PVA/MMT spray coated, Surface Burn Test char,
and Horizontal Burn test Char.
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5.3.7 MCC
The heat release behavior of the coated CB was probed using MCC analysis of the outer
linerboard and the results are shown in Figure 45. When tested using Method A, the onset of
ignition of the neat CB occurred at 330.9 °C and its pHRR (175.7 W/g) occurred at 375.0 °C. The
neat CB has a THR and HRC of 8.486 KJ/g and 174 J/g·K, respectively, which culminated in an
FGC index of 132.8. The nanocoating on CB reduced the THR, HRC, and pHRR by 4.4%, 7.5%,
and 7.1%, respectively, which culminates in an FGC index of 112.4, a 15.4% reduction compared
to that of the neat CB. As discussed in the previous chapters, the PVA/MMT nanocoating imparts
flame retardancy by inhibiting flame spread and slowing heat and mass transfer, resulting in
increased char formation and residual char. In Method A, these mechanisms are evident by the
reduction of FGC. However, the drastic improvements observed in burn testing is not indicative.
The burning of the neat CB was in large part due to the oxidation of the char, which might be better
revealed by test Method B.

Figure 45 MCC heat release curves of neat and coated CB according to method A (left) and
method B(right).
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Table 7 MCC results of the neat and coated CB according to method A and method B
Sample Name Method
CB-Neat
CB-PVA/MMT

A

Tonset
(°C)
330.9
330.6
302.4

FGC

HRC
(J/g-K)

pHRR
(W/g)

THR
(KJ/g)

133
112
220.6

174
161
250

8.486
8.11
16.157

304.8

154.3

152

175.7
163.3
244.1
252.7
77.0
152.8
78.0
142.9

CB-Neat
B
CB-PVA/MMT

16.0

Tp
(°C)
375
377
331
349
404
339
390
413

When tested in an air atmosphere (method B) CB-Neat has a FGC index of 220.6 which is a
culmination of an onset temperature of 302.4 °C a HRC of 250 J/g·K , THR of 16.2 KJ/g, and
three pHRR of 244.1 W/g, 252.7 W/g, 77.0 W/g that occur at 331 °C, 349 °C, 404 °C,
respectively. CB-PVA/MMT displays reductions in HRC and THR of 39.2% and 1.0%
respectively. The first pHRR is reduced by 37.4% and is delayed by 8 °C. The second pHRR that
occurs at 390 °C with a magnitude of 78 W/g. The Third pHRR for CB-PVA/MMT corresponds
to the second pHRR of CB-Neat and displays a 43.5% reduction in intensity and occurs at 9 °C
higher temperature. The degradation of cellulose is a competitive reaction between the
depolymerization and attack of the glucose repeating unit. During this decomposition, the
formation of anhydrous sugars along with some high and low molecular weight bio-oils make up
the initial solid residue, which undergoes a secondary degradation later.20 During the early stages
of decomposition, the first pHRR is the direct result of CO production and the evolution of low
molecular weight products. The second pHRR peak is related to the further degradation of the high
molecular weight species oxidizing solids. In the neat sample, these two steps occur shortly after
one another. As CO evolves and the high molecular weight products were formed, O2 readily
oxidized them. The presence of the PVA/MMT coating forms a barrier to O2, evolved, CO and
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heat. The gas barrier and thermal barrier properties result in a longer residence time for CO and a
reduction in O2 content to react with the solids and high molecular weight products. The delay in
O2 and thermal diffusion encourage the formation of carbonaceous chars that results in the shifted
second pHRR observed in Figure 45.
5.4 Conclusions
A PVA/MMT nanocoating was produced through a one-pot coassembly process and
applied to double-walled corrugated CB via spray coating. The flame retardant properties and the
corresponding mechanisms were investigated under both oxidative and inert atmosphere as well
as in several different burning configurations. The combustion mechanism of CB is highly
dependent on the oxidation of its char. The primary FR mechanism of PVA/MMT nanocoatings is
increased resistance to oxidation. The synergistic paring between CB, a material that readily forms
a highly oxidizable char, and PVA/MMT nanocoatings, a FR solution that imparts resistance to
oxidation, results in drastic improvements in FR behaviors. As shown in this study, 5 wt.% of
PVA/MMT nanocoating applied via spray coating greatly inhibits flame spread and improves
oxidative stability as observed during burn testing and corroborated by MCC method B results.
The improved char density served as an effective heat and gas barrier to promote the char
formation.
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Chapter 6: Protein Based One-pot Halogen Free Flame-retardant Nanocoatings for Cotton
Fabrics
6.1 Introduction
Cellulose is the most abundant naturally occurring polymer and is consumed at a rate of 60
billion pounds annually.1 The inherent high flammability of cellulose has driven extensive research
into the development of flame retardant (FR) finishing methods of cotton fabrics. Current efforts
on FR coatings can be separated into four categories: halogens,2 phosphorus,2,3 phosphorousnitrogen,4,5 and inorganic additives.6,7 Both halogens and phosphorus-containing chemicals have
played large roles in FR technologies since the 1960s.8 Halogens have since been discovered to be
both an environmental and biological hazard.4,8 Their accumulation in living organisms has been
linked to adverse health effects. The nature of their small size makes them highly mobile, and
when organically bound, they become biologically persistent.
These concerns have driven heavy regulation of halogenated FR and resulted in the need
for halogen-free FR.9 A heavily investigated halogen-free alternative is the use of inorganic fillers
to increase flame retardancy. It is a well-known strategy but is hindered by two caveats. The first
being that they require high loading fractions to impart FR to cotton fabric.10 Secondly, the
particular surface topography of cotton fabrics makes it challenging to coat said fabrics with robust
inorganic coatings that are not prone to flake. The use of phosphorus and phosphorus-nitrogen
chemistries grafted to the surface of cotton fabrics loses up to 50% of the effective compounds to
volatilization during burning.11
PVA/MMT nanocoatings perform well on the smooth polymer surfaces, but they struggle
to impart FR when applied to cotton fabrics, as discussed in chapters 2 and 3. The inadequate
performance of nanocoating on cotton fabrics leaves a leaves a need to investigate alternative
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polymer binders and coating compositions that can impart self-extinguishing FR properties to
cotton fabrics. PVA serves the sole purpose of binder in the nanocoating. It is also a combustible
material that contributes to the overall burning of the substrate. While MMT templates the
formation of char and increases the samples’ resistance to oxidation, PVA is not contributing to
the FR mechanism. Previous FR researches have shown biomolecules such as DNA and proteins
to be active contributors to improved FR properties

12–16

. As such, egg white (EW) is a prime

protein source to be used as a binder and functional FR component.17–19 In fact, EW has been used
since ancient times as a modifier in mortar followed later as a binder for light-sensitive pigments
and high gloss finish for photography.20–24 The use of a nanocoating with a functional polymer
binder and char promoting FR agents in conjunction with the barrier and oxidative resistances
imparted by MMT could drastically improve the FR performance of cotton fabrics. We propose
water-born self-assembled polymer nanocoating that consists of EW, MMT, and ammonium
polyphosphate (APP) that can be applied to cotton fabrics using a simple dip-coating process to
improve flame retardancy.
6.2 Experimental Section
6.2.1 Materials
Sodium montmorillonite (MMT) (Cloisite® Na+) was acquired from BYK Additives Inc.,
USA. Ammonium polyphosphate (APP) was purchased from Sigma-Aldrich. Both reagents were
used as recived without modification. Whole grade A chicken eggs were acquired from a local
grocery store. EW was mechanically separated from the yolk and used without modification.
Polyvinyl alcohol (PVA, grade 8-88, M.W 56,000 g/mol) was obtained from Kuraray America
Inc. (Houston, TX). Bleached and desized cotton fabrics were supplied by Vogue Fabrics Inc.
(New York, NY)
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6.2.2 Preparation of dispersions
A predetermined amount of MMT powder was dispersed in DI water to form a 2.0 wt.%
stock solution. A 10.0 wt.% stock solution of PVA was prepared by dissolving PVA in water with
the assistance of heating at 80 °C. EW was gently mixed until uniform and used as is. Final
dispersions with a solid content of 1.5 wt.% and was generated by combining appropriate amounts
of MMT stock solution, PVA stock solution or EW, and DI water in the following order. MMT
and DI water were combined and sonicated for 1 h. Following sonication, APP powder was added
under vigorous stirring and mixed for 1hr. A pre-determined amount of PVA solution, or EW was
added to the MMT/APP suspension under vigorous stirring and allowed to stir for an additional
hour. After stirring, the dispersions were sonicated for another hour to ensure a uniform dispersion.

6.2.3 Coating process
Cotton fabrics (3 in. × 13 in.) were washed in consecutive baths of DI water and ethanol to
remove any residual lubricants used for weaving and any accumulated dirt and debris, and
subsequently dried at 80 °C before coating. The cleaned cotton fabrics were then immersed into a
dispersion, drawn out at a constant speed, and hung vertically to dry at 80 °C for 1 hour. Samples
were then removed from the oven and then rotated 180° for the next coating cycle. The coating
cycle was repeated until the samples achieved the desired weight uptake ca. 30%. Before testing
0.5 in was trimmed from top and bottom of samples resulting in a final sample dimension of 3 in.
x 12 in. Sample coating compositions and exact weight uptakes are shown in Table 8.
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Table 8 Coating compositions and weight uptake of coated cotton fabrics.
Sample ID

EW (wt.%)

PVA (wt.%)

MMT (wt.%) APP (wt.%)

H2O (wt.%)

uptake (wt.%)

EW(8:1:1)

0.75

0

0.375

0.375

98.5

30.0

EW(2:1:1)

1.2

0

0.15

0.15

98.5

29.0

EW(0.5:1:1)

0.3

0

0.60

0.60

98.5

30.5

PVA(0.5:1:1)

0

0.3

0.60

0.60

98.5

29.1

6.2.4 Characterization
X-ray diffraction (XRD) patterns were recorded on a Burker D2 diffractometer with Cu
Kα radiation (λ= 1.5406 Å), and Bragg-Brentano Θ-2Θ. Scanning electron microscopy was
conducted to investigate the coating quality and the structure of residual chars. SEM images
were obtained using a FEI Nova Nano SEM 450 microscope. Thermal stability analysis was
performed on a thermogravimetric analyzer (TGA), TA Instruments Model Q500 under air
atmosphere. Gas flow rate was 60 mL/min over a temperature range from 50-750 ℃ at a heating
rate of 20℃/ min. Vertical burning tests were carried out in a flame cabinet according to
procedures modeled after those outlined in UL-94. Images and video of burn testing were
captured using a Samsung galaxy s8+. Micro-combustion calorimetry was performed on a
Govmark model MCC-3. Testing was carried out according to ASTM D7309 method A with a
heating rate of 1 ℃/s. Method A is carried out in a nitrogen environment. Samples are compared
using a flammability index called “Fire Growth Capacity (FGC)”. The FGC index is the sum of
the Heat release capacity and ignition capacity shown in eq 1. Q∞ is the total heat release THR.
T1 is the ignition temperature defined as the temperature at which 5% of the THR is achieved. T2
is the burnout temperature and is defined as the temperature at which 95% of the THR is
achieved. T0 is a standard temperature taken to be 25 °C. The FGC index is a better cumulative
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metric to compare different materials. The lower the index the more flame retardant material is.
In general, the lower the index the more flame retardant a material is. The data presented and
discussed in this chapter is representative of a minimum of 3 burn test, two TGA test, and two
MCC analysis.

𝐹𝐺𝐶 = (

𝑄∞
𝑇2 − 𝑇0
)(
)
𝑇2 − 𝑇1 𝑇1 − 𝑇0

6.3. Results and Discussion
6.3.1 XRD

Figure 46 X-ray diffraction patterns of the neat and coated cotton fabrics.
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Eq. 2

XRD patterns were recorded to characterize the organization of the assembled MMT
nanosheets on the surface of cotton fabrics. The individual MMT nanosheets have a thickness of
ca. 1 nm.25 During the preparation of the coating dispersion, both PVA chains and ammonium
cations were expected to attach to the MMT nanosheet surface. Those nanosheets were assembled
together with PVA chains and APP to form a layered structure during the coating and drying
process. Figure 46 shows the XRD patterns of the neat and coated samples. The neat cotton fiber
did not show a diffraction peak. However, after coating there are clear peaks with spacings of 26.2,
19.3, 14.3, and 12.3 Å that correspond to nanocoatings EW(2:1:1), EW(8:1:1), EW(0.5:1:1), and
PVA(0.5:1:1), respectively. The gradient increasing of the interlayer distance with an increasing
concentration of PVA and APP is expected as more guest species (polymer + APP) were
sandwiched between MMT nanosheets. The slight difference between EW(0.5:1:1) and
PVA(0.5:1:1) is probably because EW has a higher affinity with MMT nanosheets than PVA and
thus better embedded within nanosheets the during coassembly, leading to a slightly higher
interlayer distance. The XRD diffraction pattern of EW(0.5:1:1) and PVA(0.5:1:1) after VBT are
shown in Figure 47. PVA(0.5:1:1) char indicates that majority of the organization of the
nanocoating is lost during the burning process. In EW(0.5:1:1) the char displays a distinct peak
corresponding to a d-spacing of 12.8 Å. This is the result of improved char formation in between
the nanosheets better maintaining the original nanostructure.
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Figure 47 XRD patterns of cotton fabrics before and after burn testing.

Overall, these results confirm the formation of a layered structure that should be capable
of inhibiting gas and heat transport between the surrounding air and the substrate. The presence of
this layered structure is also expected to serve as a template for the formation of a robust char layer
allowing the fabrics to maintain their shapes during combustion.
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6.3.2 TGA

Figure 48 TGA thermograms of untreated and treated cotton fabrics.

TGA was used to investigate the thermal stability of the coated cotton fabric samples and
uncoated cotton as a reference. Figure 48 shows residual weight as a function of temperature for
samples with varying coating compositions. The neat cotton underwent two distinct degradation
steps and was completely consumed at ca. 500 °C with a residual mass of 0.2 %. EW(8:1:1),
EW(2:1:1), EW(0.5:1:1), and PVA(0.5:1:1) had residual masses of 15.25%, 26.7%, 27.6%, and
30.43% respectively. It is well known that cotton degrades first into aliphatic char and volatile
species that react with atmospheric oxygen. The second step is the oxidation of thermally unstable
aromatic char that further degrades into CO2 and CO.26 Treated fabrics also underwent two distinct
degradation steps, but the first step shifted to a lower temperature and ended earlier than in the
neat cotton. The shift is attributed to the degradation of APP, resulting in the formation of NH3
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and phosphoric acid.16,27–29 The second step of degradation was protracted due to the formation of
a char layer that served to both insulate the underlying fibers and acted as a gas barrier to
atmospheric oxygen and pyrolytic volatiles. The sample treated by EW(0.5:1:1) produced the
lowest mass loss among all the EW treated sample. This is attributed to the minimization of EW
binder and increased MMT/APP contents. It also lost less weight compared to the sample treated
by PVA(0.5:1:1) because EW is a better char forming binder as well as FR synergist.
6.3.3 VBT

Figure 49 Digital images of the control and coated cotton fabrics after VBT. Sample size is 3” x
12”.

VBT was conducted to directly evaluate the flame-retardant performance of the coated and
neat samples. Upon exposure to flame, the neat cotton sample was immediately ignited, and the
flame rapidly spread along the entire height and completely consumed the exposed fabric. The
deposition of either the EW or PVA based nanocoatings were able to notably slow flame spread
and left behind a robust char. Only the cotton sample treated with EW(0.5:1:1) self-extinguished,
resulting in a char length ca. 5.4 in, seen in Figure 49. The samples treated by EW(8:1:1),
EW(2:1:1), and PVA(0.5:1:1) increased the FR properties of cotton, but flame spread along the
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entire height of the samples. In the samples treated by EW(8:1:1), the concentration of MMT was
probablytoo low to form an effective heat and gas barrier, while also being insufficient for APP
to promote char formation. The sample treated by EW(0.5:1:1) achieved a synergistic balance
between the functional binder, nanosheet filler, and acid source. Comparing the samples treated
by EW(0.5:1:1) to PVA(0.5:1:1), it is clear that the choice of binder is a key factor in FR
nanocoating systems where the non-functional PVA is not capable of self-extinguishing when used
in the same ratio as EW, while EW as a functional flame-retardant binder contributed to retard the
flame.
6.3.4 SEM
SEM images of the neat and coated cotton samples were taken before and after VBT.
Figure 49 shows that the coated samples exhibited decreased surface roughness compared to neat
cotton. All nanocoatings encapsulated individual filament and partially encapsulate entire fiber
tows. The neat cotton sample was completely consumed during VBT, leaving behind a thin char
layer that has lost all cohesion between filament and tows. Coated samples left behind char that
closely resembled fabric surfaces before VBT. For the sample treated by EW(0.5:1:1), its tow was
completely encapsulated after coating and was able to maintain this morphology after VBT.
Sample PVA(0.5:1:1) showed an increased amount of voids in the filament surface indicating that
the nanocoating did not form as robust a char as its EW counterpart. APP degraded into phosphoric
acid and promoted the charring of both the polymer binder and cotton filaments in all nanocoatings.
The presence of the MMT nanosheets created a scaffolding in the nanocoating that supports the
char formed during the degradation of the samples. After VBT individual filaments shrunk slightly
but the simple weave pattern remained intact.
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Figure 50: SEM images of the neat and coated cotton fabrics before and after VBT.
6.4.5 MCC
MCC method A was used to evaluate the combustibility of evolved gases of neat and coated
cotton fabrics. Figure 51 displays the heat release rate (HRR) vs. temperature plots of neat and
coated cotton fabrics. The neat cotton fabrics onsets its combustion at 320.4 °C with a HRC,
pHRR, and THR of 178 J/g·K, 180.3 W/g, and 9.652 KJ/g, respectively, with its peak HRR
occurring at a temperature of 374.1 °C culminating in a FGC of 154.2. EW(2:1:1) reduces HRC
by 46.8%, THR by 55.2%, and pHRR by 46.4%, producing a 70.2% reduction in FGC. EW(2:1:1)
reduces its HRC by 72.1%, and had reductions of 80.2%, 71.9% in its pHRR and THR,
respectively, producing a cumulative reduction of 82.6% in its FGC. EW(0.5:1:1) reduced the
HRC, THR, and pHRR by 75.6%, 75.7%, and 84.4%, respectively, resulting in a 87.3% reduction
in the FGC index. The sample treated by PVA(0.5:1:1) produced reductions of 71.1%, 76%,
72.2% and an 82.8% in HRC, THR, pHRR, and FGC, respectively, but was not able to achieve the
same improvement in FR performance as the one treated by EW(0.5:1:1). The shifts in PHR
temperature can be attributed to the degradation of APP forming NH3 and phosphoric acid. The
phosphoric acid then served to further catalyze the dehydration of both the cotton fabric and the
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polymer binder in the nanocoating (i.e., PVA or EW). The catalyzed dehydration promoted the
formation of a dense char layer that impeded heat and mass transfer to and from the cotton substate.

Figure 51 MCC method A heat release rate thermograms of the untreated and treated cotton
fabrics.

6.4 Conclusion
In this study, nanocoatings consisting of EW/PVA, MMT, and APP were prepared and
coated onto cotton fabric, forming a layered nacre-like structure through the insertion of EW/PVA
and APP between MMT nanosheets. The nanocoating containing 20 wt. % EW, 40 wt. % MMT
and 40 wt. % APP achieved self-extinguished at a coating uptake ca. 30 wt. %, while those
containing PVA (replacing EW) did not. It is believed that EW served roles as a source of both
non-combustible gases and char. EW is comprised mostly of a mixture of proteins whose building
blocks are amino acids capable of releasing NH3, H2O, and potentially quenching radicals. The
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secondary, tertiary and quaternary folding of proteins affect their thermal stability and tends to
encourage charring. Their natural tendency to char coupled with the adsorption onto MMT results
in a denser char layer compared to PVA containing coatings. While EW, a special phosphorus and
nitrogen containing polymer binder was selected and worked well as a proof of concept, this work
mainly demonstrated that the FR property of the polymer binder itself is very critical to forming
an effective nanocoating together with inorganic nanosheets. For future practical applications,
other low-cost phosphorus and/or nitrogen containing polymer binders could be potential
alternatives.
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Chapter 7: Effect of Exfoliated 2-Dimensional Nanosheets on the Flame Retardancy of
Semi-Finished Wet Blue Sheep’s Leather
7.1 Introduction
Natural animal leather is a popular material that finds uses in a wide range of applications,
ranging from upholstery, clothing, personal protective equipment, and a number of other
manufactured goods. Leathers’ application in upholstered goods makes it subject to stringent flame
retardant (FR) requirements for uses in aviation, automotive, and home goods.1 The chemical
treatments required to affix and impart leather with the much sought-after properties also increases
its flammability. Efforts have been made to alter specific steps in the leather making process to
reduce its flammability.2–5 Leather is currently brough up to standard through various finishing
processes that involve the addition of flame retardant chemicals.
In this dissertation we have presented the viability of polymer nanocomposites as FR
coatings on both synthetic and natural polymeric materials. Leather is a naturally derived collagen
network that is affixed and filled with water proofing and lubricating agents.6–9 Collagen is
inherently flammable but lends itself to charring as many biological molecules do. In chapters 2
and 3 we have shown increased char formation and increased resistance of char oxidation that
nanocoatings impart. The subject of flame retardant nanocoatings on leather is still a sparse area
of research. The application of nanocomposite flame retardants have been explored as a means of
multi-functional tanning agents.4,10–12 Efforts have been made to study the effect of
montmorillonite on the thermal, mechanical, and FR properties of leather.2,11 However, these
studies rely on drum rolling and elevated temperatures to disperse clay into the collagen network.

123

Herein we aim to investigate the effects that exfoliated MMT and laponite have on the flame
retardant properties of leather when applied via a gentle sonication treatment.
7.2 Experimental
7.2.1 Materials
Partially finished wet blue white sheep leather was acquired from Xinjing Haiyang Tannery
(Hebei, China). Montmorillonite (MMT) was supplied by (Cloisite®). Laponite (LP) was supplied
from BYK.
7.2.2 Preparation of dispersions and nanocoated Leather
The leather samples were trimmed to 8 cm × 18 cm and washed using deionized water.
After washing, the samples were dried at 60 °C until mass was stable. Dispersions with 1.5 wt. %
solid contents of MMT and LP were made by adding each clay into DI water and allowing to mix
vigorously for 24 hr. After that, each suspension (ca. 100 g) was ultrasonicated for 1 h in an
ultrasonication bath (Branson 8510R-MT, 250 W, 44 kHz) to prepare a uniform dispersion. MMT
13

and LP

14

can be well exfoliated in water to form individual nanosheets after ultrasonication

treatment. The leather samples were then submersed into the prepared dispersions and further
ultrasonicated for another 5 min, with a purpose to impregnate MMT or LP particles into the
porous structure of leather. The treated leather samples were removed from the clay dispersions
and allowed to dry at 70 °C until a stable mass was reached. The samples were allowed to acclimate
at room conditions (25 °C and 50% RH) for 12 h before testing.
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7.2.3 Characterization
X-ray diffraction (XRD) patterns were recorded on a Burker D2 diffractometer with Cu
Kα radiation (λ= 1.5406 Å), and Bragg-Brentano Θ-2Θ. Scanning electron microscopy was
conducted to investigate the coating quality and the structure of residual chars. SEM images were
obtained using a FEI Nova Nano SEM 450 microscope. Thermal stability analysis was performed
on a thermogravimetric analyzer (TGA), TA Instruments Model Q500 under air atmosphere. Gas
flow rate was 60 mL/min over a temperature range from 50-750 ℃ at a heating rate of 20℃/ min.
Vertical burning tests, horizontal burning test, and surface burning were carried out in a flame
cabinet according to procedures modeled after those outlined in UL-94. Micro-combustion
calorimetry was performed on a Govmark model MCC-3. Images and video of burn testing were
captured using a Samsung galaxy s8+. Testing was carried out according to ASTM D7309 method
A and method B with a heating rate of 1 ℃/s in a nitrogen environment. Samples are compared
using a flammability index called “Fire Growth Capacity (FGC)”. The FGC index in the sum of
the Heat release capacity and ignition capacity shown in eq 1 and eq 2. Where Q∞ is the total heat
release THR. T1 is the ignition temperature defined as the temperature at which 5% of the THR is
achieved. T2 is the burnout temperature and are defined as the temperature at which 95% of the
THR is achieved. T0 is a standard temperature taken to be 25 °C. The FGC index is a better
cumulative metric to compare different materials. The lower the index the more flame retardant
material is. In general, the lower the index the more flame retardant a material is. The data
presented and discussed in this chapter is representative of a minimum of 3 burn test, two TGA
test, and two MCC analysis.
𝐹𝐺𝐶 = (

𝑄∞
𝑇2 − 𝑇0
)(
)
𝑇2 − 𝑇1 𝑇1 − 𝑇0
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Eq. 2

7.3 Results and Discussion
7.3.1 XRD
Figure 52 shows the XRD pattern of the untreated leather that exhibits characteristic d
spacing of collagen at 10.9 and 4.7 Å15,16. The peak at 10.9 Å corresponds to the distance between
collagen chains. The spacing of 4.7 Å corresponds to the unordered components of collagen
fibers.15,16 Sample L-MMT shows a peak corresponding to d-spacing of 13.7 Å of the restacked
MMT nanosheets. L-LP does not display a similar peak as L-MMT, which is expected as the size
of LP nanosheets are much smaller than that of MMT, thus the restacked LP nanosheets do not
exhibit an obvious layered structure.

Figure 52 XRD patterns of the neat and clay treated leather samples.
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7.3.2 TGA
The TGA thermograms of the untreated and clay treated leather samples are shown in
Figure 53. All samples underwent two distinct mass loss steps. L-Neat lost 41.6% and 42.2%
of its mass during the first and second steps, respectively. Leather is a matrix containing both
amorphous and crystalline regions of hierarchically organized collagen molecules. The first
decomposition peak occurred over the temperature range of 150-385°C is the result of the
release of strongly bound water to the collagen fibers and the degradation of collagen directly
into combustible gases and volatile organic alcohols.5,17–19 The second mass loss occurred in
the range of 385-510 °C is the secondary decomposition of larger molecules and the oxidation
of solid char residues.5,17,20 L-MMTand L-LP displayed 3% and 2% reductions in the total
mass loss compared to L-Neat, this is mainly owing to the 2.4 wt.% and 2.0 wt.% uptake of
MMT and LP respectively. The decreased peak mass loss rate (pMLR) temperature and the
increase in pMLR during the first mass loss is attributed to the increased free water bound to
the clay surfaces.

Figure 53 TGA and DTGA thermograms of the neat and clay coated leather samples.
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7.3.3 Burn Testing
Untreated leather ignited readily, and the flame front spread the entire length of the sample.
There was an afterflame time of 20 s followed by an afterglow period of 238 s. During the
afterglow time much of the sample that had been charred during the VBT was oxidized and left
behind a fine grit green tinted char. After treating with MMT the afterflame time of L-MMT was
reduced to 3 s and the afterglow time was 86 s. L-LP had an afterflame time of 5 s and an afterglow
time to 126 s. The addition of clay nanoparticles to wet blue leather greatly inhibited the oxidation
of the formed char residues and slowed down flame spread, resulting in greatly reduced afterflame
and afterglow time. Overall, treating wet blue leather samples with either of the clays is an effective
means of improving flame spread and resistance to oxidation, leading to significantly improved
flame retardancy.

Figure 54 Digital images of the neat and clay treated leather samples after VBT.
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7.3.4 SEM
SEM images of the untreated and clay treated leather samples are shown in Figure 55. In
the untreated leather (L-Neat) the skin side showed a porous surface and the flesh side was a
surface resembling that of a fibrous matt. After treating with clays, the skin side of all leather
samples displayed a smooth surface free of pores. The flesh side of the clay treated leather samples
showed that the fibers were sheathed in a clay coating. L-MMT displayed a coating that both
wrapped around individual fibers and formed a film over the gaps between the fibers. L-LP formed
a coating that from a surface perspective sheeted the entire surface with sheathing of individual
fibers. This behavior of LP is probably due to the small size of the nanosheets.

Figure 55 SEM images of the neat and clay treated leather samples before VBT testing.
Figure 56 shows the images of the untreated and treated leather samples after VBT. LNeat skin surface shows the sign of shrinking of the leather as apparent by the collapse and
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distortion of the hair follicles. The flesh side of L-Neat shows that the collagen fibers have shrank
and are more closely packed to one another opening up large gaps in the surface. The cross-section
view of L-Neat shows an amorphous structure with closed cells dispersed through its thickness. LMMT skin-side char has a winkled surface that shows preserved follicle shapes while the flesh
side has less shrinking in fiber diameter compared to L-Neat. The layered structure of stacked
MMT nanosheets can be observed forming on the surface of the sample in the cross-section image
of L-MMT. L-LP skin side shows a rougher surface that fractures and chips during burning
compared to the layer deposited by MMT. The flesh side of L-LP performed much like L-MMT
and reduces the amount of fiber shrinkage in comparison to L-Neat. Its cross-section shows that
its char formed a layered structure without the presence of the open cells seen in L-Neat.
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Figure 56 SEM images of the neat and clay treated leather sample residual char after VBT.
The SEM images reveal that all clays formed a protective layer both around individual
fibrils and across the skin side surface regardless of aspect ratio.
7.3.5 MCC
MCC testing according to ASTM D7309 method A reported that L-Neat had a THR of
11.2 KJ/g, a HRC of 112 J/g·K, a single pHRR of 113.6 W/g and an combustion onset temperature
of 303 °C culminating in an FGC index of 96. The two clay treated leather samples showed only
marginal improvement compared to L-Neat. This is probably because the small sample size for
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MCC characterization and that method A is designed to analyze the evolution of gases. The clay
coatings do not have any appreciable effects on this mechanism. During VBT, it was observed that
each sample was initially ignited but the flame spread was halted due to the protection of clay
layers. However, during MCC, method B testing more defined differences were observed.

Figure 57 HRR thermograms of the neat and clay treated leather samples tested by ASTM D7309
-method A (left) and method B (right).
MCC testing of L-Neat according to ASTM D7309 method B displayed a combustion onset
temperature of 263 °C and 2 distinctive pHRRs with values of 127 and 256 W/g that occurred at
322 and 362 °C, respectively. The THR and HRC for L-Neat were shown to be 19.4 KJ/g and 253
J/g·K resulting in an FGC index of 197.8. The FGC of L-MMT and L-LP are reduced by 18.6%
and 3.5%respectively. Both clay treated leather samples had their pHRR’s reduced and shifted to
higher temperatures compared to untreated leather. L-MMT had a reduction in the first pHRR of
33.8%, while L-LP shows a 5.4% increase. L-MMT and L-LP have reduction in the second pHRR
of 11.6%and 18.9%, respectively. L-MMT has the largest temperature shift (ca. 60 °C) for the
second pHRR and L-LP (ca. 8.4 °C). The method B analysis shows that the presence of a clay
coating regardless of shape or aspect ratio will delay the pHRR of both degradation steps. Coating
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layers that covers both individual fibrils surfaces and bridges the spaces in-between fibers are more
effective at inhibiting the oxidation of residual char.
7.4 Conclusions
Nanocoatings of MMT and LP were deposited onto the surface of semi-finished leather
with the assistance of sonication. The presence of these coatings reduced flame spread and
inhibited the oxidation of the leather substrate. The primary mechanism of flame retardancy here
is the templating of char. The inorganic coating acts as a thermal shield that slows the evolution
of gases and the ingress of oxygen to the substrates surface. The application of a completely
inorganic coating would normally be highly susceptible to abrasion and flaking due to a mismatch
between moduli of the substrate and coatings layer. With MMT and LP on the surface of leather
there is strong hydrogen bonding between the nanosheets themselves and to the hydroxyl groups
on the surface of leather that when coupled with the nanoscale thickness the layer is strongly bound
to the substrate. A series of twisting, rolling and pulling results in no mass loss of the leather
samples. The fastness of the nanosheet coatings are a viable means of improving the FR of semifinished leather with a robust coating that could be further protected and synergize with other
leather finishing techniques.
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Chapter 8. Summary and Outlook
8.1 Summary
Research in nanocomposite flame retardant coatings has been focused on increasing the efficiency
of halogen-free FR solutions as halogens are phased out of use. Research efforts have been focused
on phosphorus, phosphorus-nitrogen, metal hydrates and metal hydroxides, and nanocomposites
to replace halogens. Most of these chemicals are used as FR fillers and require high loading
fractions to meet the desired level of performance. The category of FR coatings has been shown
to address the issues associated with high loading fractions. Nanocomposites are a special category
wherein they have been shown to have high FR efficiency as both a coating and filler. The
production of nanocomposites is, however, hindered by its production means. Traditional means
of direct mixing and in situ polymerization have struggled to achieve the desired levels of
dispersion and orientation. Newer production methods such as layer-by-layer assembly and solgel strategies have much more fine-tuned control over the nanostructure and composition but
struggle with complex processing and have low throughput. A recently developed method to
scalably produce highly oriented nanocoatings capable of imparting FR properties was developed
by Ding and Liu et. al.1 The formation of a low viscosity dispersion of nanosheets and polymer
binder is coassembled and oriented through flow-induced orientation. The nanostructure of these
coatings assembles hundreds of layers in a single step into a nacre-like orientation that templates
and encourages char formation that serves as a barrier to heat and mass transport. Through this
dissertation, we investigate the mechanism of FR these nanocoatings impart. We have studied how
that mechanism is affected by varying nanosheets (MMT, LP, ZrP), the effects of varying binder
(PVA, PVP, PEI, EW), how the effectiveness of coatings change dependent upon substrate
topography and chemical composition (PET films, cotton fabrics, PU foams).
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MMT, LP, and ZrP nanosheet were explored in the preparation of FR nanocoatings. MMT
exhibited the best performance in most nanocoating and on most substrates. It forms the most wellorganized layered structure and templets the most robust char layers. Its high aspect ratio and
hydroxyl rich surface produce strong interaction with PVA and PEI functional groups. The other
nanosheet displayed similar FR functionality, but their char formation did not possess the same
mechanical integrity of MMT. PVA/LP coatings displayed the advantages of smaller aspect ratio
nanosheets when used in nanocoatings for flexible substrates like PU and substrates that deform
drastically during combustion like cotton filaments. PVA/ZrP exhibited improvements in char
formation and is an ideal system for further investigation of the structure-property relation between
aspect ratio and FR. PVP/MMT nanocomposites displayed improvements in the FR, indicating
that the thermal stability of polymer binder plays a role in nanocoatings. PEI/MMT
nanocomposites exhibited exceptional FR functionality in both the condensed and vapor phases
through the oxidative resistances imparted by MMT in combination with the gas release and
charring of the PEI binder. PET films responded best to the highly organized PVA/MMT
nanocoatings. The char promoting mechanism of PVA/MMT nanocoatings is highly effective on
continuous surfaces, as evident by the impressive response of 1.5 mm thick PBT sheets coated
with PVA/MMT nanocoatings. Cotton fabrics and PU foams responded best to PEI/MMT
nanocoatings. The porous nature of woven fabrics presented a challenge for nanocoatings
consisting purely of binder and nanosheet to impart FR behavior. But with the addition of a
functional polymer binder and char promoting synergist achieved self-extinguishing behavior. The
less porous microstructure of CB displayed extraordinary improvements in response to PVA/MMT
nanocoatings. Leather benefited greatly from the presence of a nanolayer of clay that penetrated
the porous network of collagen fibers and formed a uniform inorganic protective layer.
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The comparative analysis of these nanocoatings reveals that the nanosheets serve to template char
formation and increase the resistance of that char to oxidation. The polymer binder, if
functionalized, can serve as a char promoting agent, radical sink, and source of non-combustible
gases. When the appropriate FR mechanism is applied to its complementary combustion
mechanism, extraordinary FR material properties can be achieved.
8.2 Outlook
Nanocoatings prepared in this one-step coassembly were quickly formed and applied. The
respective roles of the nanosheets and binders have been investigated, and an understanding of the
interaction between substrate and nanocoating has been probed. To better guide the development
and understanding of these nanocoatings, a further fundamental investigation needs to be
conducted on the direct contributions of aspect ratio, the effect of varying nanosheet loading
fraction, and nanosheet orientation. The ZrP nanosheets can be synthesized with aspect ratios
ranging from 100 to 1000 and narrow size distributions to investigate the effects of aspect ratio.2
Varying solution pH to alter the spacing between nanosheets such as MMT can alter the
organization of nanosheets to study the effects of intercalation in nanocoatings. The investigation
of phosphorous-containing polymers as alternative functional binders in nanocoatings would bring
insights into the optimization of the phosphorous/nitrogen ratio in promoting char formation.
The versatility of this system has been proven to show great promise as FR coatings. Further
understanding of the structure/property relation will further optimize these coatings not only for
FR but provide the framework for the addition of additional functionalities such as impact damage
detection, abrasion resistance, and wash durability.
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